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Abstract 
Sulfide-induced concrete corrosion is the main cause of the deterioration and early 
structure failure of concrete sewers. Sewer corrosion poses potential issues of odor 
emission and public safety, and the cost of preventive measures is a significant 
economic problem globally. Our understanding of sewer corrosion has increased 
dramatically in recent years. However, there is limited knowledge of the concrete 
corrosion at high H2S levels and the effective corrosion mitigation strategies. The 
overall aim of this thesis is to improve the understanding of the sewer corrosion 
processes and develop a long-lasting corrosion mitigation strategy. 
To improve the understanding of sewer corrosion, the corrosion development on 
concrete coupons was investigated in sewers with high H2S concentrations. In a pilot 
sewer with gaseous H2S at 1100±100 ppm, the surface pH of concrete was reduced 
from 10.5±0.3 to 3.1±0.5 within 20 days and this coincided with a rapid corrosion rate 
of 3.5±0.3 mm/year. Microbial community analysis based on 16S rRNA gene 
sequencing indicated the absence of sulfide-oxidizing microorganisms in the corrosion 
layer. The chemical analysis of corrosion products supported the reaction of cement 
with sulfuric acid formed by the chemical oxidation of H2S. The results suggested that 
chemically induced oxidation of H2S can lead to the rapid corrosion of new concrete 
sewers within a few weeks.  
Generally, chemically induced corrosion plays an important role in the initiation stage 
of concrete corrosion before the development of sulfide oxidizing microorganisms 
(SOM). Once SOM is well developed, the microbially induced concrete corrosion 
(MICC) predominately contributes to the corrosion of concrete sewers. This thesis 
proposed to incorporate nitrite as an admixture into concrete for MICC control in 
sewers. Prior to the corrosion resistance test, the feasibility of applying nitrite admixed 
concrete for sewer structures was investigated. The impacts of calcium nitrite addition 
and its dosages on the mechanical properties were evaluated through standard tests 
and the anaerobic sewer biofilm communities developed on concrete surfaces were 
analyzed by DNA sequencing. The results revealed that setting time and water 
demand for normal consistency were reduced, but slump, drying shrinkage, and 
apparent volume of permeable voids increased with the calcium nitrite dosage up to 
4% weight of cement. The cumulative leached fraction of nitrite, 28-day compressive 
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strength and sewer biofilm communities were not significantly affected by calcium 
nitrite dosages. The addition of calcium nitrite into concrete was confirmed to be 
environmentally friendly to sewers and satisfied the design guidelines for concrete 
sewers. 
The corrosion mitigation effect of nitrite admixed concrete was tested in a sewer 
manhole using calcium nitrite admixed concrete (calcium nitrite dosage at 4% by the 
weight of cement) together with control coupons that had no nitrite admixture. During 
the exposure, the corrosion loss of the admixed concrete coupons was 30% lower 
than that of the control coupons. The sulfide uptake rate of the admixed concrete was 
also 30% lower, leading to a higher surface pH (0.5-0.6 unit), in comparison to the 
control coupons. A negative correlation between the calcium nitrite admixture in 
concrete and the abundance of sulfide oxidizing microorganisms was determined by 
DNA sequencing. These results demonstrated that this novel use of calcium nitrite as 
an admixture in concrete is a highly effective strategy to mitigate the MICC in sewers. 
To optimize the calcium nitrite dosage in concrete, the corrosion development was 
monitored using concrete coupons without calcium nitrite and with 1% and 4% (by the 
weight of cement) of calcium nitrite. Additionally, to further control the corrosion, the 
surface washing effect was investigated in these three types of concrete. It was 
evident that the calcium admixture level in the concrete correlates positively with the 
corrosion mitigation effect with 17% and 47% reduction in the corrosion rate for 1% 
and 4% calcium nitrite coupons respectively. And surface washing further reduced 8% 
and 29% of corrosion rate for coupons with 1% and 4% calcium nitrite, respectively. 
While insignificant mitigation effect due to surface washing was observed on coupons 
without calcium nitrite. The results proved the positive correlation between the 
corrosion mitigation effect and calcium nitrite admixture levels, and confirmed that 
surface washing can further mitigate the corrosion of calcium nitrite admixed concrete. 
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Chapter 1   Introduction 
1.1 Background 
As one of the most critical components of the urban infrastructure in modern societies, 
sewer networks collect and transport sewage to treatment plants, preventing human 
exposure to unhygienic sewage and related sewage-borne diseases. To ensure the 
durability and reliability of sewer infrastructures, concrete is widely applied due to its 
high compressive strength (Söylev and Richardson 2008). Typically, concrete 
structures in sewers are designed to perform for 50 to 100 years with minimal 
maintenance (Monteiro and Kurtis 2003). However, severe structural deterioration and 
early failure of sewers due to corrosion occur worldwide, which shortens the 
expectancy of sewer service life by more than 50% (Monteiro and Kurtis 2003). The 
rehabilitation cost for sewer corrosion is estimated to reach over $390 billion within the 
next 20 years in the USA (Gutiérrez-Padilla et al. 2010). Concrete corrosion in sewers 
thereby, increasingly triggers high economic expenses, as well as severe health and 
environmental concerns (Grengg et al. 2018).  
Concrete corrosion is a complex process with various chemical and biological 
reactions between concrete and sewer gases (i.e. CO2 and H2S) in gravity sewers 
(Jiang et al. 2015a). H2S is primarily produced by the metabolization of sulfate-
reducing bacteria (SRB) under anaerobic conditions, and further emitted from the 
wastewater into sewer gas in gravity sewers (Nielsen et al. 2008). At the initiation 
stage, the surface pH of the concrete is reduced from c.a.13 to c.a. 9 by carbonation 
and H2S dissolution. Once the pH of the concrete surface is conducive for 
microorganisms to colonize, sulfide oxidizing microorganisms (SOM) biologically 
oxidize H2S to sulfuric acid. The sulfuric acid generated further reacts with 
cementitious material and produces corrosion products like gypsum (CaSO4), 
resulting in the structural weakening of concrete sewers (Davis et al. 1998, Harrison 
Jr 1984, Islander et al. 1991, Nica et al. 2000, Parker 1947). Since the biological 
oxidation rate is much higher than the chemical oxidation rate, microbially induced 
concrete corrosion (MICC) is regarded as the main cause for the sewer concrete 
deterioration (Hvitved-Jacobsen et al. 2013).  
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In gravity sewers, the H2S oxidation by corroding concrete consumes the H2S in sewer 
air, leading to lower gas concentrations compared with equilibrium (Vollertsen et al. 
2008). With the increased use of corrosion-resistant materials/surface treatment 
strategies in sewers, which reduce the H2S oxidation/consumption on concrete 
surface, instead of reacting with concrete, H2S in sewer can accumulate to very high 
concentrations. Elevated H2S concentrations in sewers might result in changed 
corrosion mechanisms and processes. However, the kinetics of the chemical oxidation 
of H2S on the concrete surface has received limited attention (Æsøy et al. 2002).  
Considering the relatively slow growth of SOM and the potential toxicity of H2S, the 
chemical oxidation could play a more important role than the microbial oxidation in the 
initiation stage. To date, no systematic investigation has been conducted to monitor 
the chemically induced corrosion under high H2S concentrations in the initiation stage. 
Aside from improved understanding of the corrosion process, control strategies for 
MICC are needed in sewers. Current strategies mainly focus on reducing/preventing 
H2S production through chemical dosing in sewage and preventing contact between 
concrete and H2S gas through surface coatings. All these strategies require 
continuous chemical dosing or operation, in addition to hefty costs and large 
environmental footprints. A long-lasting, and effective mitigation strategy on MICC with 
minimum maintenance is essential for the sewer maintenances and operations.  
To fill these knowledge and technology gaps, this thesis aims at: 
 Investigating oxidation of H2S in the corrosion initiation stage under high H2S 
concentrations. 
 Developing a novel and long-lasting corrosion mitigation strategy and 
evaluating its performance. 
1.2 Organization of the thesis 
This thesis is divided into 8 chapters and 1 appendix. Chapter 1 provides an 
introduction to the research background and describes the overall aim and 
organization of the thesis. Chapter 2 provides a thorough literature review of the 
current knowledge about sewer system, sewer corrosion process, and current 
corrosion mitigation strategies. Chapter 3 gives a thorough research overview and 
highlights the specific knowledge gaps and identifies the key research objectives. 
Chapter 4-7 present the detailed knowledge gap, research objective, methods and 
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research outcome addressing each key research objective. Finally, overall 
discussions and conclusions achieved from the research work as well as future 
research directions are summarized in chapter 8.
 4 This chapter has been published and modified for incorporation in this thesis:  Li, X., 
Jiang, G., Kappler, U. and Bond, P. ‘The ecology of acidophilic microorganisms in the 
corroding concrete sewer environment’, Frontiers in Microbiology 8, 683 (2017). 
 
 
 
 
Chapter 2   Literature review 
2.1 Sewer system 
2.1.1 Overview of the sewer system 
The sewer system is mainly designed for wastewater collection and transportation 
among various wastewater infrastructures (Hvitved-Jacobsen et al. 2013). The 
applications of sewer systems prevent human exposure to unhygienic sewage and 
sewage-borne disease. The ancient sewers were built using brick and mortar. While 
in modern society, concrete is considered as a more cost-effective material and has 
been applied predominantly for constructing sewer pipes (Söylev and Richardson 
2008). The total length of sewers in Australian is almost 117,000 kilometers, and 
approximately 40% of this network is constructed of concrete (Cayford 2012). Based 
on the wastewater flow conditions, sewers can be further divided into rising mains and 
gravity flow regions (Figure 2-1). The rising main sections are operated with no gas 
phase, pumping the sewage to a higher altitude. Gravity regions are usually partially 
filled with wastewater and wastewater flows downstream due to gravity (Figure 2-1). 
Buried deep beneath the ground, sewer pipes ideally serve for 50 to 100 years with 
minimal maintenance considering the property of concrete itself (Monteiro and Kurtis 
2003).  
 
Figure 2-1. Generalized overview diagram of sewer network infrastructure. 
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With the broad range of pollutants and the high microbial presence in wastewater, 
sewers function as ‘microbial reactors’ where substances are transformed and 
degraded through chemical and biological processes (Hvitved-Jacobsen et al. 2013). 
Sewer system contains five main components: the wastewater, biofilms, sewer 
atmosphere in gravity sewers, sewer sediments, and concrete sewer walls. The 
concrete walls allow the development of biofilms and sediments, where most of the 
microbial processes occur. Wastewater and sewer air mainly provide the 
energy/nutrient source for these microbial processes (Hvitved-Jacobsen et al. 2013).  
Depending on the conditions and locations in sewers, various types of electron 
acceptors/donors are utilized in the microbial process. In rising main sewers, the 
degradation and transformation of organic components in wastewater is the dominant 
microbial process and organic carbon becomes the main electron donor. With a 
neutral pH at 7.0 to 8.0 in wastewater, sulfate may become an electron acceptor under 
the anaerobic condition, leading to the formation of hydrogen sulfide (H2S). Aside from 
H2S, methane (a potent greenhouse gas) is also generated in anaerobic sewers by 
the metabolisms of methanogens (Guisasola et al. 2008). The H2S and methane 
generations in anaerobic sewers causes some main health concerns for sewer 
networks, and their treatment and control strategies thereby have been thoroughly 
investigated (Jiang et al. 2010, Lin et al. 2015). In partially filled gravity sewers, with 
the existence of both sewer air and wastewater, the microbial process can be complex. 
Due to the oxygen diffusion limit, in anaerobic parts of the gravity sewer, sulfate may 
remain the main electron acceptor (Hvitved-Jacobsen et al. 2013). While, in aerobic 
parts, oxygen from the sewer air becomes the main electron acceptor, oxidizing H2S 
in sewer air (Okabe et al. 2007).  
2.1.2 Sulfide in sewers 
Within the sewer system, the sulfur cycle is one of the most complex nutrient cycles. 
Various sulfur compounds exist and can be transformed into many oxidation states in 
wastewater through both biotic and abiotic processes (Suzuki 1999). The oxidation 
states of sulfur in wastewater are summarized in Table 2-1.  
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Table 2-1. Inorganic sulfur species and the sulfur oxidation states, adapted from 
(Suzuki 1999). 
Oxidation 
State 
-2 0 +2 +4 +6 
 H2S 
hydrogen 
sulfide 
 
S0  
elemental 
sulfur 
(SO) 
sulfur 
monoxide 
SO2 
sulfur 
dioxide 
SO3 
sulfur 
trioxide 
 
 HS- 
bisulfide 
 H2SO2 
sulfoxylic 
acid 
H2SO3 
sulfurous 
acid 
H2SO4 
sulfuric 
acid 
   S2O32- 
thiosulfate 
SO32- 
sulfite 
SO42- 
sulfate 
   S4O62- 
tetrathionate 
 
 
Among all these sulfur species, sulfate and sulfide are the most dominant species in 
wastewater with elemental sulfur presents only as an intermediary or a product of 
highly localized conditions (Hvitved-Jacobsen et al. 2002). The concentration of 
dissolved sulfate is typically 20-200 mg/L in wastewater (Zhang et al. 2008). 
Underneath the wastewater, porous concrete pipes provide the habit for 
microorganisms (Hvitved-Jacobsen et al. 2002, Zhang et al. 2008). Due to the 
depletion of oxygen, the submerged areas become thermodynamically favorable for 
sulfate-reducing bacteria (SRB) to use sulfate as an electron acceptor for growth. 
Some SRB can also grow with sulfite or thiosulfate as electron acceptors (Hao et al. 
1996). Hydrogen sulfide is thus produced by SRB and this production is facilitated by 
high sulfate concentrations, low dissolved oxygen, low flows, and long residence times 
(Ling 2013). The critical dissolved oxygen (DO) for sulfide production is below 0.5 mg 
oxygen/L, otherwise, SRB activity could be inhibited and sulfide can be chemically 
oxidized (Hao et al. 1996, Hvitved-Jacobsen et al. 2002). 
The buildup and accumulation of sulfide in wastewater would finally lead to its 
emission into the sewer atmosphere in gravity sections of sewers (i.e. gravity pipes, 
wet wells and manholes). Among the sulfide species (Table 2-1), hydrogen sulfide is 
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the only species that can partition into the sewer gas (Ling 2013). The partition process 
of H2S is pH-dependent. The first and second dissociation of sulfide in aqueous 
solutions are described as eq. (2.1) and eq (2.2), with pKa1 value of 7 and pKa2 ranging 
from 11.96 to 17.00 (Lens and Pol 2000). Lower sewage pH could lead to more 
hydrogen sulfide emission (Hvitved-Jacobsen et al. 2002). 
H2S(aq) ↔ HS
− +  H+                                                            Eq. 2.1 
HS− ↔ S2− +  H+ Eq. 2.2                                                                                       
Aside from the sewage pH, other factors, such as higher sewage temperature, high 
turbulence intensity can also promote the hydrogen sulfide emission from wastewater 
(Carrera et al. 2015). Hydrogen sulfide is a highly toxic, irritant and flammable gas with 
a characteristic smell of ‘rotten eggs’ and is one of the main compounds of the odor in 
sewers (Jiang et al. 2017). Although there are volatile organic compounds (VOC) 
emissions from the wastewater to the sewer gas, the concentrations are actually low 
at ppb to ppm levels or even less (Chan and Hanaeus 2006, Huang et al. 2012, Wu et 
al. 2006). The smell of sewer gas is mainly caused by H2S, which comes with serious 
Occupational Health and Safety (OH&S) concerns to sewer workers and odor 
complaints from the community (Jiang et al. 2015a). More importantly, the emission of 
H2S also leads to the corrosion in gravity sewers, which significantly shortens the 
service life of sewer pipes (Jiang et al. 2016a). Corrosion damage to sewers leads to 
premature replacement or rehabilitation, which is estimated to cost several billion 
dollars every year globally (Jiang et al. 2015a, Pikaar et al. 2014). The details 
regarding sewer corrosion will be discussed in section 2.2. 
2.1.3 Concrete sewer pipes 
Concrete sewer pipes are constructed with a mixture of water, varying sizes of 
aggregates and cement binders. Depending on the purpose of concrete pipe, different 
types of concrete are designed with a range of compositions and curing conditions. 
Therefore, the chemistry of a certain type of concrete is highly specialized (Baran et 
al. 2017). The most commonly used type of cement, referred to as "Portland cement", 
has five main compounds, as listed in Table 2-2. 
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Table 2-2. Major constituents and composition of Portland cement adapted from 
American Concrete Institute International Organization (ACI Committee and 
Standardization 2008). 
Compound  Composition  Abbreviation Roles 
Tricalcium 
silicate  
3CaOSiO2 C3S Hydrates & hardens rapidly. 
Responsible for initial set and 
early strength of the concrete.  
Dicalcium 
silicate  
2CaOSiO2 C2S Hydrates & hardens slowly. 
Contributes to later age 
strength (> 7 days)  
Tricalcium 
aluminate 
3CaOAl2O3 C3A Releases heat during the first 
few days. Contributes slightly 
to the early strength 
development.  
Tetracalcium 
aluminoferrite 
4CaOAl2O3Fe2O3 C4AF Hydrate rapidly but contributes 
little to strength. Hydrated 
cement looks grey due to 
ferrite hydrates  
Gypsum CaSO4  Controls the rate of hardening 
of fresh cement.  
 
In anhydrous form, these compounds mentioned in Table 2-2 are soluble solids to 
water. Once hydrated they become insoluble and bind the aggregate components 
together, forming a solid concrete (Hewlett and Liska 2019). The cement hydration is 
triggered once combining cement with water. Upon combining with water, C3S inside 
cement reacts instantaneously with water, producing calcium hydroxide. Once calcium 
hydroxide becomes saturated in the system, it starts to crystallize, forming calcium 
silicate hydrate (C-S-H) (Gartner et al. 2002). This is represented in eq. 2.3. 
2 (CaO)3(SiO2) +  7 H2O →  (CaO)3 (SiO2)24(H2O) +  3 Ca(OH)2             Eq. 2.3 
Hydration process of C2S acts in a similar manner to C3S, with the production of 
calcium hydroxide and a rigid C-S-H gel (eq. 2.4).  
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2 (CaO)2(SiO2) +  5 H2O →  (CaO)3(SiO2)24(H2O) +  Ca(OH)2                        Eq. 2.4 
C-S-H matrix usually accounts for 50-60% volume of solids in a completely hydrated 
Portland cement paste and is considered as a critical contribution to the strength of 
hydrated cement paste (Gartner et al. 2002). The hydration of C3S and C2S also 
produces a large amount of calcium hydroxide, which results in the high alkalinity of 
concrete. Generally, the pH of hardened concrete is around 13 (Jiang et al. 2014b). 
2.2 Sewer corrosion 
2.2.1 Overview of sewer corrosion 
H2S in the gas phase is the precursor to the corrosion in sewers. As discussed in 
above sections, H2S is generated in anaerobic sections of sewer pipe due to the 
metabolism of SRB and subsequently released into the headspace in gravity pipes, 
manholes and pumping stations (Jiang et al. 2015a, Parker 1945b). This acidic gas 
could react with alkaline concrete pipes and causes its corrosion. For many years the 
process of sewer concrete corrosion in the gravity sewer section was considered to 
be purely chemical (Olmstead and Hamlin 1900) until it was revealed that the direct 
cause of sewer concrete corrosion, sulfuric acid, was generated biologically rather 
than chemically (Parker 1945a, Parker 1945b, Parker 1947). A model for the corrosion 
process proposed by Islander et al. (1991) divided the concrete corrosion process into 
3 stages by pH change and related reactions (Figure 2-2). The new concrete goes 
through the initiation stage with an abiotic pH reduction from around 13 to around 9. 
Once the pH of the concrete surface decreases to 9, microorganisms start to colonize, 
neutrophilic sulfide oxidizing microorganisms (NSOM) dominate the community and 
go through a biological succession until the pH falls down to 3 (Islander et al. 1991). 
Once the pH is lower than 3, acidophilic sulfide oxidation microorganisms (ASOM) 
become the protagonist and the active corrosion drives the pH further down (Figure 2-
2). The stages of the corrosion process will be discussed in the following sections. 
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Figure 2-2. Theoretical changes for the properties of concrete during the corrosion 
process, adapted from (Islander et al. 1991). NSOM (neutrophilic sulfide oxidizing 
microorganism), ASOM (acidophilic sulfide oxidizing microorganism). 
Both abiotic and biotic corrosion processes heavily depend on the water content of the 
concrete (Joseph et al. 2012, Ward et al. 2011, Wells et al. 2012). Within the sewer, 
concrete corrosion mostly occurs on the regions just above the sewage flow level and 
at the ceiling of the headspace, respectively referred to as the “tidal region” and the 
“crown region” (Figure 2-3). The tidal regions are areas where the concrete of the 
sewer is frequently wetted by wastewater, while the crown regions are exposed to the 
headspace of sewer gas and only very occasionally (during flooding) are in contact 
with the wastewater (Figure 2-3). For crown regions, with a high relative humidity (RH) 
(60-100%) in the sewer gas, moisture will condensate on the crown region, as the 
walls of sewer pipe usually have a lower temperature than the sewer atmosphere due 
to cooling from the surrounding soil (Joseph et al. 2012, Ward et al. 2011, Wells et al. 
2012). It has been observed that high RH levels shorten the corrosion initiation time 
and also facilitate the corrosion process (Jiang et al. 2014a, Jiang et al. 2015b). In the 
tidal regions, sewer walls are frequently wetted by wastewater flooding, which will 
increase the water content of the concrete in those regions. More severe corrosion 
has been observed in the tidal region where more frequent replenishment of nutrients, 
microbial inoculum, and moisture occurs in comparison to the crown region (Jiang et 
al. 2014a). 
  
 
11 
 
Figure 2-3. A diagram of a cross-section of a gravity concrete sewer pipe showing the 
major transformations occurring that lead to the acid formation in the upper aerobic 
biofilms and the onset of sewer corrosion. 
Corrosion significantly reduces the service life of sewers, which ultimately leads to 
severe structural deterioration and early failure of sewers. Since the pipes typically run 
below streets or developed property, sewer replacement and rehabilitation is difficult 
and causes a huge financial expenditure (Pikaar et al. 2014). Annual rehabilitation 
costs were estimated to reach over €450 million in Germany, £85 million in the UK, 
and over $12 billion in the USA, respectively (Grengg et al. 2018). As occurrences and 
severity of corrosion are exacerbated in the coming years, much more expenditure is 
expected for rehabilitation and control on concrete corrosion, which is significant 
financial pressure on wastewater utilities and associated government institutions. 
2.2.2 Initiation stage of concrete corrosion 
Sewer concrete corrosion is a relatively slow process and may take years or decades 
to occur (Joseph et al. 2012). Generally, a new concrete has a high surface pH (about 
13), where the microbial activity is limited. Thus, in the initiation stage (stage 1 in 
Figure 2-2), the concrete pH is abiotically reduced from c.a. 13 to c.a. 9 though 
carbonation and hydrogen sulfide dissolution in the moisture film formed on the 
concrete surface (Joseph et al. 2012). The carbonation of the concrete surface starts 
from the manufacturing time of concrete sewer pipes. Directly contacted with the 
surface of concrete pipes or absorbed in pores, CO2 reacts with calcium hydroxide and 
Tidal region 
Crown 
region 
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hydrated calcium silicate (C-S-H) in concrete and produces calcium carbonate (eq. 
2.5 and 2.6) (Houst 1996).  
Ca(OH)2 +  CO2 =  CaCO3 +  H2O                                Eq. 2.5 
C − S − H +  CO2 =  CaCO3 +  SiO2 +  H2O                Eq. 2.6 
Recent research shows that carbonation decreases the surface pH from 13 to about 
10, and the further reduction of surface pH from about 10 to 8 is mainly caused by the 
dissolution of H2S (Figure 2-4) (Joseph et al. 2012). The reactions of cement with H2S 
are shown as eq. 2.7 and 2.8. 
2CaCO3 +  2H2S =  Ca (HCO3)2 +  Ca (HS)2                         Eq. 2.7 
Ca(OH)2 + 2H2S＝Ca(HS)2 + 2H2O                           Eq. 2.8 
 
 
Figure 2-4. Surface reactions during initial acidification of concrete in sewer systems, 
adapted from (Joseph et al. 2012). Lines 1-5 indicate the pH above which sulfate 
formation is unlikely. 
Furthermore, the H2S transferred onto the concrete surface can be chemically oxidized 
on the concrete surface with high pH in the initiation stage. In the pure water system, 
under such a high pH (>8), H2S could be chemically oxidized to various sulfur species, 
such as elemental sulfur, polysulfide, thiosulfate and sulfate (Cline and Richards 
1969). However, the kinetics of the chemical oxidation of H2S on the concrete surface 
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has received limited attention. The chemical sulfide oxidation process was observed 
in the initiation stage of concrete corrosion in a real sewer with 3020 ppm H2S and 
laboratory chambers with 0-50 ppm H2S, where elemental sulfur was found as the 
main oxidation product (Jiang et al. 2015b, Joseph et al. 2012, Okabe et al. 2007). 
The oxidation of sulfide to elemental sulfur may occur according to the eq. 2.9 (Joseph 
et al. 2012). The different oxidation products on concrete surface comparing with the 
pure water system, might be caused by the limited DO concentration on concrete 
surfaces/corrosion layers.  
Ca(HS)2 + O2 =  2S + Ca(OH)2                                              Eq. 2.9 
In the initiation stage, a higher gaseous H2S concentration is always associated with 
a higher rate of acidification (Joseph et al. 2012). H2S concentrations differ temporally 
and spatially with average concentrations seen to vary between a few ppm up to a few 
hundred ppm in most sewer systems (Jiang et al. 2014a, Wells and Melchers 2015). 
In some extreme situations, concentrations over 800 ppm have been detected (Wells 
and Melchers 2015). Very few studies have investigated the concrete corrosion 
induced by chemical sulfide oxidation under hundreds of ppm of H2S. The abiotic H2S 
oxidation was observed to be slow in sewers with 7- 411 ppm H2S (Wells and Melchers 
2014), and H2S oxidation on corroding concrete surfaces was examined at peak 
concentrations around 1000 ppm by Vollertsen et al. (2008). In both studies, abiotic 
oxidation was found to be much slower compared with the biotic oxidation but the 
abiotic oxidation products of sulfide were not examined in both studies. Therefore, 
although the abiotic acidification in the initiation stage is well acknowledged, further 
investigations of the sulfide oxidation kinetics are essential. 
 2.2.3 Biological processes of concrete corrosion 
Stage 2 begins once the surface pH reaches about 8 and NSOM colonize the concrete 
surface (Islander et al. 1991). NSOM are typical sulfur oxidizers which could oxidize 
sulfur compounds to sulfuric acid (Nica et al. 2000).  The sulfuric acid produced further 
decreases the concrete surface pH to below 4. With the decrease of surface pH, a 
succession of microorganism community on concrete surfaces occurs and finally lead 
to the start of stage 3. In stage 3, acidophilic sulfide-oxidizing microorganisms (ASOM) 
colonize and become the dominant microbes on the concrete surface. The metabolism 
of ASOM generates large amounts of biogenic sulfuric acid, which leads to massive 
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corrosion loss of concrete (Islander et al. 1991). For both stage 2 and stage 3, the 
biogenic sulfuric acid produced can react with cement causing the change in cement 
composition as eq. 2.10-2.13. 
H2SO4 +  Ca(OH)2 =  CaSO4 +  H2O                                       Eq. 2.10 
H2SO4 +  C − S − H =  CaSO4 +  Si(OH)4 +  H2O                 Eq. 2.11 
H2SO4 +  CaCO3 =  CaSO4 +  H2CO3                                                           Eq. 2.12 
CaSO4 +  C3A +  H2O =  3CaOAl2O33CaSO432H2O         Eq. 2.13 
Sulfuric acid reacts with calcium hydroxide and C-S-H in the concrete matrix, as well 
as the calcium carbonate produced by carbonation in the initiation stage, producing 
calcium sulfate (CaSO4), commonly known as gypsum (eq. 2.10-2.12). The gypsum 
can further react with hydrated tricalcium aluminate (C3A) in concrete to produce 
ettringite (eq. 2.13). Both gypsum and ettringite are highly expansive, which induce a 
volume increase of 124% and 700% for concrete structures, respectively (De Belie et 
al. 2004, Parande et al. 2006). This volume change not only allows greater penetration 
of sulfuric acid from the corrosion front to inner concrete, but also causes the cracking 
of inner concrete (Jiang et al. 2014b).  
In most of the sewers, compared with the service life, the initiation stage of corrosion 
is a relatively short period (Jiang et al. 2016a). The MICC thereby mainly contributes 
to the reduced life-span of sewers. Numerous studies have investigated the corrosion 
layer conditions, microorganisms involved and sulfide oxidization pathways in MICC, 
which will be further reviewed in the following sections.   
 2.2.4 Corrosion layer conditions 
Once the corrosion is well developed, on the corroding concrete surface, a soft 
(cottage cheese like) moist layer forms comprising largely of crystalline gypsum and 
other sulfur species (Cayford 2012).  The microbial biofilms exist within the corrosion 
layer together with corrosion products (Figure 2-5). Due to the paucity of some 
essential nutrients (such as organic nitrogen and phosphorus substances), which are 
innately absent from the concrete, the development of microorganisms mainly relies 
on the sewer gases and wastewater. The diffusion of gases (i.e. CO2, H2S) provides 
volatile substrates and nutrients for the development of SOM (Jiang et al. 2014a). And 
some exudates from microorganisms metabolization and wastewater flooding 
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(especially in tidal regions) can also be used as nutrients for the biofilms in corrosion 
layers (Nica et al. 2000).  
 
Figure 2-5. Scanning electron microscopy image of the corroded concrete surface 
from Cayford. Small elongated shapes are microbial cells, and angular crystal 
formations are sulfur-containing corrosion products (Cayford 2012). 
Oxygen diffusion into the corrosion layer is crucial for the activity of the aerobic 
microorganisms of MICC. Microsensors have been used to monitor the pH and oxygen 
changes that occur into the depth of a cement coupon corrosion layer (Okabe et al. 
2007). It is seen that the pH of the heavily corroded layer was around 2.6, down to a 
depth of 2 mm. Oxygen concentrations rapidly decreased with depth, accompanying 
a decrease of cell numbers (Figure 2-6), suggesting in this instance that the diffusion 
of oxygen is a limiting factor for the biological sulfide oxidation activity and that the 
biofilm was denser near the surface of the corrosion layer. 
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Figure 2-6. Cell density, oxygen and pH profiles occurring in a corrosion layer 
developed on the surface of a cement coupon exposed to sewer conditions for 1 year 
(Okabe et al. 2007) (A). The non-specific DAPI stain and the specific probes Thio820, 
ACD840 and LF655 target Acidithiobacillus spp., Acidiphilium spp. and Leptospirillum 
spp. respectively. Concentration profiles of dissolved oxygen and pH in the top 2,000 
micrometers of the corrosion layer (B). 
The activity of the biofilms in the top regions of the corrosion layer produces acid which 
can penetrate to a depth of at least 2 mm (Okabe et al. 2007). Due to the diffusion of 
acid, the corrosion layer conditions vary with depth and are characterized by a large 
pH gradient. In recent studies, the corrosion layer of up to 12-15 mm with a relatively 
stable pH (below 3) was observed (Jiang et al. 2014, Wells and Melchers 2014). 
Furthermore, a transition zone between the corrosion front and the intact concrete has 
been reported, which allows a pH change from around 3 to around 11 (intact concrete 
pH) (Jiang et al. 2014). Generally, gypsum (CaSO4) is formed preferentially in acidic 
conditions (at pH lower than 3), hence it is usually more prevalent nearer the surface 
of the corrosion layer (Mori et al. 1992). The gypsum within the corrosion layer reacts 
with calcium aluminate hydrate to form ettringite at higher pH, thus the ettringite layer 
is beyond the gypsum layer near the intact concrete. The depth of gypsum and 
ettringite layers depends on the sulfate concentration and pH, and with increased acid 
production in the corrosion layer, ettringite may be converted to gypsum (Mori et al. 
1992). As discussed in section 2.2.3, the formation of gypsum and ettringite weakens 
the sewer structure and is believed to cause cracking of the concrete due to the 
expansive nature of the materials. Additional cracking of the concrete can also be 
caused by the rust precipitation in iron salt rich areas near the intact concrete (Jiang 
et al. 2014b).  Based on these observations, a conceptual model for the corrosion 
layer is proposed (Figure 2-7). The microbial biofilm is dense near the surface of the 
corrosion layer where the diffused oxygen and H2S levels are high. Sulfuric acid is 
generated by SOM in the biofilm and this diffuses through the corrosion layer towards 
the surface of the intact concrete (Okabe et al. 2007). With the acid diffusion, the 
gypsum (pH<3) and ettringite zones (pH>3) are formed and as they are expansive, 
together with iron mineral precipitation, cause cracking of the intact concrete.  
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Figure 2-7. A conceptual model for the sewer concrete corrosion layer as adapted 
from Jiang (Jiang et al. 2014b).  
 2.2.5 Microbiology associated with concrete corrosion 
Important microbial protagonists of the corrosion process are sulfur-oxidizing 
microorganisms as they accelerate the reduction of surface pH through the production 
of various sulfur compounds including sulfuric acid. Two types of microorganisms 
relevant for sewer corrosion are NSOM and ASOM, both of which use reduced forms 
of sulfur as energy sources, but respectively, have a preference for growth at a neutral 
or acidic pH (Islander et al. 1991, Roberts et al. 2002). Conventionally, research of the 
microbial communities involved in MICC has been mainly based on culture-dependent 
methods, where microorganisms are grown from corrosion samples using various 
culture media (Davis et al. 1998, Keller and Zengler 2004). NSOM was found on the 
surface from pH 5 to 3 (Sand 1987). Thiobacillus thiomonas, Thiomonas intermedia, 
Halothiobacillus neapolitanus, and Starkya novella have been associated with early 
stages of corrosion (Islander et al. 1991, Okabe et al. 2007). These bacteria can use 
a variety of reduced sulfur compounds, including hydrogen sulfide (H2S), elemental 
sulfur (S0), thiosulfate (S2O32-), and tetrathionate (S4O6 2-) (Little et al. 2000).  
The most typical genus of ASOM associated with biogenic acid production detected 
by culture-dependent methods is the Acidithiobacillus (Kelly and Wood 2000). And the 
prominent species include Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans 
and Acidithiobacillus caldus (Cho and Mori 1995, Davis et al. 1998, Harrison Jr 1984, 
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Islander et al. 1991, Nica et al. 2000, Parker 1947). Acidithiobacilli are autotrophic 
sulfur oxidizing bacteria, which is an essential advantage in such an environment on 
concrete surfaces with low organic carbon availability and high levels of reduced sulfur 
compounds (Nica et al. 2000). Acidithiobacillus thiooxidans is the most commonly 
cultured organism among the Acidithiobacillus from sewer concrete corrosion 
(Islander et al. 1991).  
Heterotrophic bacteria have been detected in sewer corroding concrete in culture-
based studies (Davis et al. 1998, Nica et al. 2000). In one study, these aerobic 
heterotrophs were detected to be in the range of 105 cells/g of corrosion layer (Davis 
et al. 1998). That study also detected similar levels of NSOM but lower levels of ASOM 
in the corrosion layers. A subsequent study also isolated aerobic heterotrophs from 
corrosion layers (Nica et al. 2000). This includes isolates of the genera Bacillus and 
Microbacterium and species of Ochrobatrum anthropi. These isolates were not shown 
to oxidize sulfur compounds and growth at or below pH 5 was not reported (Nica et al. 
2000). Thus the nature of the growth of these heterotrophs in the acidic corrosion 
environment is not clear, although, it is suggested that these bacteria are scavenging 
organic compounds produced by the growth of the SOM (Nica et al. 2000). 
Heterotrophic fungi, have also been cultured from sewer corrosion samples, but the 
fungi isolated in these studies were not formally identified (Cho and Mori 1995, Nica 
et al. 2000). Another study isolated fungi from corroding concrete, and this was 
identified as a Fusarium sp. (Gu et al. 1998). Fusarium sp. are not reported to be 
acidophilic, but they likely contribute to corrosion by producing organic acids (Gu et al. 
1998). Although these results provide insight into the cultivable microorganisms 
involved in MICC (Harrison Jr 1984, Islander et al. 1991, Parker 1945a, Parker 1945b), 
they can be misleading due to the bias and limitations of the culture-based techniques. 
Only a small fraction (in the order of 1%) of bacteria present in the environment are 
readily obtained in pure culture in the laboratory (Staley and Konopka 1985). The 
choice of growth substrates and supplements for cultivation heavily influence the 
results, and hence only a limited number of microorganisms are detected in individual 
culturing attempts.  
The development of culture-independent methods has revolutionized studies of 
microbial ecology (Ward et al. 1990). The molecular approaches to determine details 
of the microbiology have advanced greatly in the past decade and are providing 
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revealing insights. This is especially with the application of high-throughput next 
generation sequencing (NGS) of small subunit rRNA gene amplicons for community 
profiling and of whole community DNA for metagenomics (Cayford et al. 2012, Gomez-
Alvarez et al. 2012). The small subunit rRNA amplicons focus on the analysis of DNA 
sequences of particular genes (amplified by the polymerase chain reaction (PCR)) and 
microbial community profiling is often performed by analysis of 16S rRNA genes, for 
detection of bacteria and archaea, and by analysis of 18S rRNA genes for detection 
eukaryotes. Metagenomics sequencing is also used for understanding microbial 
community composition and function. This approach sequences the total genomic 
component and utilizes bioinformatics tools to directly access the genetic content of 
the entire community (Thomas et al. 2012).  
In accordance with previous culture-dependent work, high community diversity of 
NSOM has been detected using culture-independent approaches. The various 
dominant NSOM species detected include: Thiothrix spp., Thiobacillus plumbophilus 
(formally as Sulfuriferula plumbophilus), Thiomonas sp. and Halothiobacillus 
neapolitanus (Ling et al. 2015, Okabe et al. 2007, Santo Domingo et al. 2011, 
Watanabe et al. 2015). Thiothrix spp. and Thiomonas spp. have the ability to grow 
chemoorganoheterotrophically or chemolithoautotrophically using either organic 
carbon or the inorganic sulfur species (H2S, S2O32-, and S0) as electron donors. 
Halothiobacillus sp. are obligate chemolithoautotrophic sulfur-oxidizing bacteria that 
use inorganic sulfur species as electron donors and has been reported to dominate 
the early community (pH around 8) in corrosion layers (Islander et al. 1991, Okabe et 
al. 2007). In addition to NSOM, archaeal, fungal, and phage sequences were also 
detected in samples from the crown and invert of a 65-year old pipe in Cincinnati 
through metagenomic analysis and the majority of functional genes detected for these 
microorganisms were affiliated with carbohydrate metabolism, indicating the activity of 
heterotrophs (Gomez-Alvarez et al. 2012).  
Congruent with findings of culture-dependent methods for ASOM, DNA sequencing 
directly from corrosion samples indicates that Acidithiobacillus spp. are often highly 
abundant in corrosion samples (Gomez-Alvarez et al. 2012, Jiang et al. 2016b, Ling 
et al. 2015, Okabe et al. 2007, Satoh et al. 2009). According to culturing or by cloning 
and full gene sequencing, these Acidithiobacillus spp. are likely Acidithiobacillus 
thiooxidans (Davis et al. 1998, Islander et al. 1991, Nica et al. 2000). However, there 
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are instances where NGS analyses report low abundance or no detection of A. 
thiooxidans in sewer corrosion samples (Cayford et al. 2012, Santo Domingo et al. 
2011). NGS sequencings have revealed numerous different microbial types in these 
acidic corrosion layer samples. Mycobacterium spp. are often detected as abundant 
in acidophilic communities of sewer corrosion layers (Cayford et al. 2012, Okabe et al. 
2007, Pagaling et al. 2014). Cayford investigated MICC communities in two sewers in 
Sydney and found Acidiphilium spp. and Mycobacterium spp. to be the most dominant 
acidophilic microbial groups across the 10 samples examined (Cayford et al. 2012). In 
contrast, in that study, Acidithiobacillus spp. was prominent in only one sample and 
made up <3% of the total populations in all other samples (Cayford et al. 2012). 
Previously, these acidophilic Mycobacterium were assumed to have a heterotrophic 
role in MICC, however, recently an acidophilic Mycobacterium sp. has been observed 
to oxidize sulfur and produce acid (Kusumi et al. 2011). Aside from Mycobacterium 
sp., some other microorganisms have also been detected recently. Significant 
proportions of Xanthomonadales spp., Burkholderiales spp., and Sphingobacteriales 
spp. were detected in wall and ceiling samples of the sewers (Cayford et al. 2012). 
The Xanthomonadales spp. have been reported in other sewer corrosion 
environments and are considered primarily as heterotrophs (Gomez-Alvarez et al. 
2012, Santo Domingo et al. 2011, Satoh et al. 2009). However, the Xanthomonadales 
sequence from Cayford phylogenetically affiliates with Xanthomonadales spp., which 
are capable of sulfur oxidation (Lee et al. 2007). In a recent study, crown samples 
were examined at six points located downstream from the outlet of a rising main 
(Pagaling et al. 2014). In 5 of the 6 crown samples Mycobacterium spp. dominated, 
being between 45-98% of the detected bacteria. Acidithiobacillus spp. were prominent 
in only 2 crown samples, and these being detected at between 28-36% of the total 
bacteria (Pagaling et al. 2014).  In addition, Methylacidiphilum spp. were found to be 
prominent in 2 of the crown samples in that study (Pagaling et al. 2014), which are 
likely utilizing methane that was detected in the headspace of that sewer (Hou et al. 
2008).  
On one occasion Ferroplasma spp. are reported in severely corroded concrete 
biofilms with an extremely low pH (Ling et al. 2015). Ferroplasma spp. are extreme 
acidophiles and versatile heterotrophs that can oxidize iron (Ferrer et al. 2007). 
Sequencing also detected an alga, identified as Cyanidium caldarium, in an extremely 
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acidic sewer corrosion layer (Pagaling et al. 2014). Cyanidium caldarium have been 
detected in other acidic environments, and are thought to be growing heterotrophically 
in the sewer environment (Albertano et al. 2000). Due to the depth of NGS and 
discovery by clone sequencing from sewer corrosion samples these molecular-based 
studies are detecting a wide range of microorganisms and many of those are 
considered to be primarily heterotrophic acidophiles and sometimes halotolerant 
(Okabe et al. 2007, Santo Domingo et al. 2011, Satoh et al. 2009). In addition to those 
mentioned above, these proposed heterotrophs include species of 
Pseudoxanthomonas, Ochrobactrum, Achromobacter, Azonexus, Acinetobacter and 
Clostridium (Okabe et al. 2007, Satoh et al. 2009).  
Another culture-independent method for understanding microbial community 
composition and function is metagenomic sequencing. This approach sequences the 
total genomic component and utilizes bioinformatics tools to directly access the 
genetic content of the entire community (Thomas et al. 2012). Compared with the 16S 
rRNA gene method, metagenomics not only reveals the taxonomic diversity of a 
community, but also allows the detection of functional genes and the compilation of 
complete and near complete genomes of the microorganisms within a sample. So far 
only one metagenomics study describing the composition of a concrete corrosion 
community in sewer crown has been performed (Gomez-Alvarez et al. 2012). This 
study revealed a diverse range of aerobic and facultative anaerobic bacteria as the 
dominant members of the samples collected from the crown of a corroded concrete 
sewer pipe. These microorganisms included Acidiphilium, Xanthomonas,  and even 
photosynthetic organisms of the Cyanobacteria, however, no hyper-acidophilic SOM 
sequence was found (Gomez-Alvarez et al. 2012). The study highlights that the 
composition of species involved in concrete corrosion is very site specific. From the 
results obtained from various studies mentioned above, some core microorganisms 
for acidic sewer concrete corrosion can be suggested (Table 2-3). As environmental 
factors vary considerably from site to site and are crucial for understanding the nature 
and extent of MICC, environmental factors and the frequency of detection were also 
listed in the table (Table 2-3). 
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Table 2-3. Specific microorganisms detected in acidic concrete corrosion layers within 
sewers using culture independent methods. 
Species Frequency 
of detectiona 
Abundance 
in the 
microbial 
community 
 
Environment Reference 
Acidithiobacillus 
thiooxidans  
Nearly 
always 
>95% 
 
Manhole, H2S 
>10 ppm and 
CO2 >10,000 
ppm, surface 
pH <2 
(Ling 2013) 
60% Manhole, H2S  
30 ± 20 ppm.  
(Okabe et 
al. 2007) 
N.r.b Heavy 
corrosion sewer 
pipes 
(Vincke et 
al. 2001) 
Up to 40% Concrete crown 
downstream 
from a forced 
main with pH>1 
(Pagaling 
et al. 2014) 
  Around 
80%- 95% 
Corrosion 
chamber, 10 
ppm H2S 
(Jiang et al. 
2016b) 
  Lower than 
3%  
Wall of sewer (Cayford et 
al. 2012) 
Acidithiobacillus 
ferrooxidans 
Often 1.5%-9% Corrosion 
chamber, 25 
ppm H2S 
(Jiang et al. 
2016b) 
N.r. Corroded crown 
region of sewer 
(Hernandez 
et al. 2002) 
N.r. Sewage 
treatment plant 
(Maeda et 
al. 1999) 
Acidithiobacillus 
caldus 
Often 35%-50% Corrosion 
chamber, 25 
ppm H2S 
(Jiang et al. 
2016b) 
Acidiphilium spp. Often Up to 
70.2% 
Ceiling of sewer (Cayford 
2012) 
Up to 50% Manhole of 
sewer system 
with severely 
corrosion 
(Ling et al. 
2015) 
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Mycobacterium spp. Often 17% Corrosion 
chamber, 25 
ppm H2S 
(Jiang et al. 
2016b) 
44% Concrete crown 
downstream 
from a forced 
main with pH<1 
(Pagaling 
et al. 2014) 
  43.3% Ceiling of sewer 
in Melbourne 
(Cayford 
2012) 
Ferroplasma spp. Rarely N.r. Severely 
corroded 
concrete in 
manhole 
(Ling et al. 
2015) 
Xanthomonadaceae Occasionally over 5% Manholes with 
greater than 
10,000 ppm of 
CO2 and less 
than 10 ppm of 
H2S 
(Ling et al. 
2015) 
 
  18.8% Ceiling of 
sewers in Gold 
Coast 
(Cayford 
2012) 
Fungi Occasionally N.r. Manhole (Santo 
Domingo et 
al. 2011) 
a The frequency of occurrence of each species is determined: nearly always, means the species 
are shown in every references included in this table; often, means the species are present in more 
than 60% of references in this table, occasionally means present in less than 60% but more than 
10% of publications. Ferroplasma spp. was only reported by Ling. 
b N.r. indicates that the abundance in the microbial community was not reported. 
 
2.3 Strategies to control concrete corrosion 
2.3.1Overview of methods 
Concrete corrosion is a complicated process with concrete material, microbial 
community and environmental factors involved. The currently used strategies for 
reducing sewer corrosion can be divided by different working mechanisms:  
(1) Preventing H2S production and partition from wastewater: 
To prevent the H2S production, antimicrobials such as free nitrous acid,  have been 
dosed into wastewater inhibiting the activity of SRB (Jiang et al. 2011a). Oxidants (i.e. 
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oxygen, nitrate), have been widely added into wastewater to directly oxidize sulfide, 
reducing sulfide levels in the sewage (Cadena and Peters 1988). Iron salts dosing has 
also been applied to precipitate sulfide from the bulk sewage to reduce the 
concentration of sulfide in wastewater (Zhang et al. 2009). In addition to precipitate 
and oxidize sulfide, ferric salts can significantly inhibit SRB activity in sewer biofilms 
(Zhang et al. 2009). Furthermore, as the partition of H2S is highly pH-dependent 
(discussed in section 2.1.2), the transfer of H2S from wastewater to the sewer 
atmosphere can be reduced by adding Mg(OH)2 to elevate the sewage pH. The 
elevated pH can also partially inhibit SRB and diminish the sulfide production 
(Gutierrez et al. 2014).  
(2) Collecting and further eliminating the H2S in sewer gas: 
To eliminate the H2S already existed in the sewer gas, sewer air is collected through 
active ventilation and treated with gas treatment units such as adsorption, biofilters, 
bio-trickling filters (Jiang et al. 2017, Parande et al. 2006, Shammay et al. 2016).  
(3) Surface treatment for corroding concrete sewers: 
To reduce the biological sulfuric acid production on concrete surfaces, antimicrobials 
like free nitrous acid (FNA) and silver-loaded zeolite have been sprayed/coated on 
corroding sewer surfaces inhibiting the activity of SOM (De Muynck et al. 2009, Sun 
et al. 2015). Protective coatings using as epoxy or polyurethane have been applied to 
avoid the contact between concrete and the corrosive environment to prevent the 
corrosion development (Berndt 2011, De Muynck et al. 2009, Haile and Nakhla 2010). 
And surface washing has also been widely applied to remove the corrosion layers of 
corroded sewers to control the corrosion development (Ling 2013, Sun et al. 2015). 
(4) Increasing the corrosion resistance of concrete for new sewers: 
For manufacturing new sewers, corrosion resistance of concrete can be increased by 
adding alternative binders of cement, like fly ash and silica fume, and alternative 
aggregates like ground limestone for new concrete sewers (Chang et al. 2005, Fisher 
et al. 2008, Roy et al. 2001). Inhibitors or biocides (i.e. ZnO, Cu-slag, sodium 
tungstate) have also been added into concrete to inhibit or deactivate SOM (Grengg 
et al. 2018, Negishi et al. 2005). 
All of these strategies have positive and negative aspects. Chemical dosing strategies 
require continuous chemical consumption to achieve effective corrosion control. The 
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gas treatment strategies are usually limited by the investment cost and land 
requirements. The surface treatments and coating are temporary approaches that 
need regular reapplications, which causes disruption to the sewer operation and hefty 
costs. Although directly removing the corrosion layer by washing the concrete surface 
is regarded as a cost-effective approach, the surface washing showed temporary 
effects on corrosion control in most cases (Nielsen et al. 2008, Sun et al. 2016). The 
addition of alternative binders and aggregates mainly reduces the cement paste 
structure loss due to the acid attack. However, insignificant improvements in corrosion 
resistance were observed with alternative binders addition under biogenic sulfuric acid 
(De Muynck et al. 2009). Some antimicrobial admixtures (sodium tungstate and metal 
nickel) showed effective control on the corrosion of cement bar exposed to 28 ppm 
H2S gas (Negishi et al. 2005). However, sodium tungstate is a toxic agent to fish and 
potentially involved in cancer development and other deleterious human health 
problems (Strigul et al. 2010). Metal zeolites and antimicrobial fibers have been added 
into concrete as antimicrobial agents, but no protective effect towards degradation was 
observed (De Muynck et al. 2009). As such, there is still a need to develop a long-
lasting, effective and environmentally friendly antimicrobial agent to be added into 
concrete for the MICC control.  
2.3.2 Application of FNA on sewer corrosion control 
FNA, the protonated form of nitrite ( ), is a weak monobasic acid (pKa=3.16, 
25°C) (Bastidas-Arteaga et al. 2008). The investigations regarding FNA revealed that 
FNA is a metabolic inhibitor to a broad range of microbes at parts per billion (ppb) 
levels and a strong bactericidal agent at parts per million (ppm) levels under both 
aerobic and anaerobic conditions in wastewater management (Hou et al. 2008, Jiang 
et al. 2011b, Shen et al. 2013, Vadivelu et al. 2006). In particular, FNA has been 
applied for sulfide control in sewers for several years. A long-term laboratory study 
reported that FNA concentration at 0.26 mg-N/L or above, with an exposure time of 
12 h or longer, could suppress sulfide and methane production by sewer biofilms 
(Jiang et al. 2011a). Furthermore, the biocidal effect of FNA on anaerobic wastewater 
biofilms was confirmed on the anaerobic wastewater biofilms with the viable 
microorganisms decreased from approximately 80% to 5-15% after exposure to FNA 
for 6-24 hours at FNA concentrations of above 0.2 mg HNO2-N/L (Jiang et al. 2011b). 
Based on these observations, FNA is proved to be a cost-effective strategy to lower 
  
 
26 
H2S production by inactivating microbes in sewers and disrupting biofilms, and thereby 
mitigates the concrete corrosion in downstream gravity sewers.  
For concrete manufacturing, nitrite has been widely used to prevent rebar corrosion 
caused by chloride attack and to accelerate the hydration process of cement (Justnes 
and Nygaard 1995, Okeniyi et al. 2013). However until recently, the inhibition of nitrite 
on SOM was observed after a nitrite solution was sprayed onto a corroding concrete 
surface (Figure 2-8) (Sun et al. 2015). FNA, formed by the nitrite solution on acidic 
corrosion surface reduced the H2S uptake rates of concrete coupons by 84-92% within 
39 hours and no obvious recovery was seen in up to 12 months (Sun et al. 2015). 
Compared with conventional approaches for corrosion control, FNA application on 
concrete limited the health concerns as nitrite is easily consumed by denitrifying 
organisms in wastewater systems (Glass and Silverstein 1999). However, the nitrite 
spraying approach still requires frequent re-applications as nitrite sprayed will 
gradually drip off due to the condensation process on concrete surfaces. Therefore, 
one potential solution is adding nitrite into the concrete as an admixture for new sewer 
installations. Then, once the corrosion initiates, the pH of concrete will decrease from 
c.a. 13 to below 3. The on-going release of nitrite to the wet, acidic concrete surface 
would cause a continuous formation of FNA, which can potentially provide a long-
lasting inhibition of corrosion-inducing organisms. 
 
Figure 2-8. The H2S uptake rates of two experimental concrete coupons, coupon No. 
1 with nitrite spray on day 0 and coupon No. 2 with nitrite spray on day 176, and three 
control coupons without nitrite spray (Sun et al. 2015).  
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Chapter 3   Research objectives 
 
The overall aims of this thesis are: (1) to gain the fundamental understanding of the 
chemical corrosion process of concrete in the initiation stage under high H2S 
concentrations and (2) to further investigate the corrosion mitigation effect by 
incorporating nitrite as an admixture into concrete. 
Thus, the following specific objectives are being addressed: 
(1) Investigation of the chemically induced corrosion process of concrete under 
high H2S concentrations.  
(2) Determination of the impact of nitrite admixture on properties of concrete and 
cement paste, nitrite leaching behavior of admixed concrete and development 
of anaerobic sewer biofilms on the concrete surface. 
(3) Performance of nitrite admixed concrete on MICC mitigation in sewers. 
(4) Investigation of surface washing and nitrite admixture levels on the corrosion 
development of nitrite admixed concrete. 
A summary of and the rationale behind each of these research objectives is outlined 
below. The detailed description and in-depth discussion of the objectives, knowledge 
gaps, material & methods and research outcomes addressing each of these key 
research objectives summarized below are presented in chapter 4-7 as shown in 
Figure 3-1. 
 
Figure 3-1. Research overview of this thesis. 
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Objective 1- Investigation of the chemical corrosion process on concrete under 
high H2S concentrations.  
 
As described in section 2.2, various factors such as high wastewater sulfate 
concentrations, and extended hydraulic retention times can lead to high sewer H2S 
concentrations. Elevated H2S concentrations in sewers might result in different 
corrosion mechanisms and processes. To our knowledge, no systematic 
investigation has been conducted to monitor the corrosion development under high 
H2S concentrations and to determine the corrosion behavior, including corrosion 
rate and corrosion products, of newly constructed concrete sewers. 
 
It was hypothesized for this thesis that the corrosion process on the concrete surface 
caused by chemical oxidation of H2S could produce sulfuric acid significantly. In this 
thesis, fresh concrete coupons manufactured according to sewer pipe standards, were 
exposed to corrosive conditions in a pilot-scale gravity sewer system with gaseous 
H2S concentration at 1100±100 ppm. The corrosion process was continuously 
monitored by measuring the surface pH, corrosion product composition, corrosion loss 
and the microbial community. In addition, batch tests were performed to determine the 
sulfide oxidation kinetics in the presence of fresh concrete powder or corrosion 
products. Please refer to chapter 4 for detailed research works. 
 
Objective 2- Determination of the impact of nitrite admixture on concrete 
property, leaching behavior and development of anaerobic sewer biofilms. 
 
This thesis proposed a novel method for corrosion control by using nitrite admixed 
concrete. However, the addition of nitrite admixture is reported to change the 
physical and mechanical properties of concrete. Based on the literature review, 
nitrite admixture usually increases the air content, the workability of fresh concrete 
and the cumulative pore volume of hardened concrete. Therefore, it is essential to 
optimize the nitrite dosage of concrete to make sure the properties of nitrite 
admixed concrete still meet the requirement of sewers. Furthermore, the leaching 
of nitrite into condensation water on concrete surfaces could reduce the nitrite 
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concentration inside the concrete. The leaching behavior of nitrite is not well-
understood in concrete yet. In addition, the potential impact of nitrite admixed 
concrete on the growth of anaerobic biofilms in sewers is unclear.   
 
Research objective 2 aims to investigate the impact of calcium nitrite admixture and 
its dosages on the fresh and hardened concrete properties, the nitrite leaching 
behavior and the development of anaerobic sewer biofilms on the concrete surface. 
Five different dosages of calcium nitrite were employed for the measurements of fresh 
and hardened concrete properties. The relationship between the concrete properties 
and nitrite dosages was determined and analyzed with regression models. Nitrite 
leaching performance was tested for three different calcium nitrite dosages over 15 
months. Laboratory-scale anaerobic wastewater reactors were used to monitor the 
development of anaerobic biofilms on the surface of nitrite-admixed concrete with 
three different dosages in real domestic sewage over six months. The systematical 
investigation in this thesis supports the application of nitrite-admixed concrete for 
durable, resilient and sustainable wastewater infrastructures. Please refer to Chapter 
5 for detailed research work.  
Objective 3- Performance tests of nitrite admixed concrete on corrosion 
mitigation in sewers. 
 
 As described in section 2.2, nitrite showed a significant inhibitory effect on SOM 
activity after being sprayed on a corroding concrete surface. Objective 2 discovered 
that nitrite admixed concrete met the sewer pipe requirements and could be applied 
for sewers. Therefore, this thesis proposed to apply nitrite admixed concrete for 
new sewer installations to control the corrosion. It is hypothesized that on nitrite 
admixed concrete, when the corrosion process initiates, the pH of concrete will 
decrease from c.a. 13 to below 3 due to the chemical reactions between concrete 
and H2S and the subsequent SOM development. The on-going corrosion will 
release nitrite to the wet, acidic concrete surface to cause a continuous formation 
of FNA. However, there is no investigation regarding the corrosion mitigation effect 
of nitrite admixed concrete in sewers.  
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Objective 3 aims to investigate the effectiveness of calcium nitrite admixed concrete 
on corrosion mitigation in real sewers. Field experiments were conducted to expose 
the concrete coupons, with and without calcium nitrite addition, in a manhole of a real 
gravity sewer pipe. The environmental conditions inside the manhole were monitored 
quarterly for eighteen months. The corrosion development of coupons were monitored 
by measuring the corrosion loss, sulfide uptake rate, sulfur content in corrosion layers 
and surface pH of control and nitrite admixed concrete coupons for eighteen months. 
The microbial community in corrosion layers was determined by DNA sequencing and 
correlated against the nitrite admixture. The results obtained provide a detailed 
evaluation of the effectiveness of nitrite admixed concrete on MICC mitigation under 
real sewer conditions. Please refer to chapter 6 for detailed research work.  
 
Objective 4- Investigation of surface washing and nitrite admixture levels on the 
corrosion development of nitrite admixed concrete. 
 
In Objective 3, an around 30% reduction in the corrosion loss of nitrite admixed 
concrete was observed in comparison to concrete without nitrite, suggesting the 
effective mitigation effect of nitrite admixed concrete in MICC. Strategies to further 
mitigate the corrosion of nitrite admixed concrete is still necessary for sewer 
applications. For most sewers without calcium nitrite, as mentioned in literature 
review, the surface washing strategy showed temporary effects on corrosion 
control due to the quick recovery of sulfide oxidizing activity. To date, there is no 
report regarding the effect of surface washing on the recovery of sulfide oxidizing 
activity on the nitrite admixed concrete. Furthermore, the link between corrosion 
mitigation effect and nitrite dosage is unclear and needs further investigations. 
 
Objective 4 aims to optimize the nitrite admixture levels in concrete for corrosion 
control. Furthermore, the potential synergetic effect of surface washing on nitrite 
admixed concrete was investigated. The concrete coupons without calcium nitrite, and 
with calcium nitrite admixture levels at 1% and 4% (by weight of the cement), were 
exposed in a pilot-scale gravity sewer pipe with 600-1300 ppm H2S for over sixteen 
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months. During this exposure period, half the amount of the coupons were retrieved 
and washed with high-pressure water after 6 months exposure and placed back into 
the pilot sewer pipe for another 10-month exposure. The corrosion process was 
monitored by measuring the surface pH, corrosion product composition, corrosion loss 
and sulfide uptake rate. The microbial community in corrosion layers were determined 
by DNA sequencing. The knowledge obtained provides a comprehensive 
understanding of calcium nitrite admixed concrete regarding the admixture level and 
effect of washing on further corrosion control. Please refer to chapter 7 for detailed 
research works.
 32 This chapter has been published and modified for incorporation in this thesis:  Li, X., 
O'Moore, L., Song, Y., Bond, P.L., Yuan, Z., Wilkie, S., Hanzic, L. and Jiang, G. ‘The 
rapid chemically induced corrosion of concrete sewers at high H2S concentration’, 
Water Research, 162, 95-104. (2019). 
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4.1 Abstract 
This chapter examined the corrosion development in sewers with high H2S 
concentrations. New concrete coupons, manufactured according to sewer pipe 
standards, were exposed to corrosive conditions in a pilot-scale gravity sewer system 
with gaseous H2S at 1100±100 ppm. The corrosion process was monitored by 
measuring the surface pH, corrosion product composition, corrosion loss and the 
microbial community in corrosion layers. The surface pH of concrete was reduced from 
10.5±0.3 to 3.1±0.5 within 20 days and this coincided with a rapid corrosion rate of 3.5 
±0.3 mm/year. Microbial community analysis based on the 16S rRNA gene 
sequencing indicated the absence of sulfide-oxidizing microorganisms in the corrosion 
layer. The chemical analysis of corrosion products supported the reaction of cement 
with sulfuric acid formed by the chemical oxidation of H2S. The rapid corrosion of 
concrete in the gravity pipe was confirmed to be caused by the chemical oxidation of 
hydrogen sulfide at high concentrations. This is in contrast to the conventional 
knowledge that is focused on microbially induced corrosion. This first-ever systematic 
investigation shows that chemically induced oxidation of H2S leads to the rapid 
corrosion of new concrete sewers within a few weeks.  
4.2 Introduction 
To date, microbially induced sulfuric acid generation from H2S is considered as the 
major contributing cause of sewer mass loss and structure failure (O’Connell et al. 
2010). The pathway of microbial oxidation of H2S has been studied previously and 
elemental sulfur, thiosulfate, and sulfate are reported as the possible oxidation 
products/intermediates (Li et al. 2017, Nica et al. 2000, Parker 1945a). However, the 
kinetics of the chemical oxidation of H2S on the concrete surface has received limited 
attention. The chemical sulfide oxidation process was observed in the initiation stage 
of concrete corrosion in a real sewer with 30±20 ppm H2S and laboratory chambers 
with 0-50 ppm H2S, where elemental sulfur was the main oxidation product (Jiang et 
al. 2015b, Joseph et al. 2012, Okabe et al. 2007). Very few studies have investigated 
the concrete corrosion induced by chemical sulfide oxidation under hundreds of ppm 
of H2S. Considering the relative slow growth of sulfide oxidizing microorganisms and 
the potential toxicity of H2S, the chemical oxidation could play a more important role 
than the microbial oxidation to the corrosion before the growth of sulfide oxidizing 
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microorganisms under high H2S concentrations. The abiotic H2S oxidation was 
observed to be slow in sewers with 7- 411 ppm H2S by Wells and Melchers (2014), 
and the oxidation products were not investigated. H2S absorption and oxidation on 
corroding concrete surfaces were examined at peak concentrations around 1000 ppm 
(Vollertsen et al. 2008). Here they reported that the H2S oxidation rate was  as high 
as 1 mg-S/m2s and it followed the nth order kinetics (n = 0.45-0.75) (Vollertsen et al. 
2008). However, the study did not differentiate whether the rapid sulfide oxidation was 
chemical or biological. Another study has investigated the abiotic and biotic oxidation 
of hydrogen sulfide in an acidic solution containing active concrete corrosion products 
(Jensen et al. 2009). In this study, the abiotic oxidation was much slower compared 
with the biotic oxidation. But the oxidation products of sulfide were not examined for 
abiotic oxidation and the abiotic kinetics were limited to acidic solutions containing 
corrosion layer.  
Unlike in concrete systems, numerous investigations regarding the chemical sulfide 
oxidation have been carried out in water systems, where pH shows a significant impact 
on the oxidation process. In acidic solutions, the chemical oxidation rate is slow at pH 
< 6 and once the pH increases through 7 to 11, the oxidation rate increases greatly 
(Chen and Morris 1972). On concrete surface, the condensation water layer provides 
the essential medium for the chemical and biological sulfide oxidation reactions. It is 
thus possible that the newly manufactured concrete sewers, that will have high surface 
pH, are susceptible to the corrosion caused by chemical oxidation of sulfide at high 
H2S concentrations.  
Thus, at high H2S concentrations, it is important to consider the contribution of 
chemical sulfide oxidation prior to the occurrence and contribution of microbially 
induced corrosion. To our knowledge, no systematic investigation has been conducted 
to monitor the corrosion under high H2S concentrations and to determine the corrosion 
behavior, including corrosion rate and products, of newly constructed concrete 
sewers.  
In this chapter, the development of corrosion was studied in details on concrete 
coupons exposed in a pilot sewer system with high H2S concentrations (1100±100 
ppm). The corrosion rate, processes and products were determined by measuring the 
changes of concrete properties such as surface pH, sulfide oxidation products, 
microbial communities on the surface and mineralogy. Batch tests were then 
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performed to determine the sulfide oxidation kinetics in the presence of new concrete 
powder or corrosion products. The knowledge obtained regarding the chemically 
induced corrosion of concrete has important practical implications for sewer operation, 
maintenance and management.  
4.3 Materials and methods 
4.3.1 Concrete mix design and property 
Concrete coupons were prepared according to the mix design (Table 4-1) in 
compliance with the Australian standard (AS2972). The cement (General Blended 
cement, Cement Australia Builders Cement) used nominally contains up to 25% fly 
ash. Four types of aggregates were used, including crushed aggregate (10 mm) with 
nominal maximum size of 10 mm; crushed manufactured sand (MS); natural river sand 
(RS) and natural fine sand (FS). For the better workability and moderate slump 
retention, super plasticizer (MasterGlenium SKY 8700, BASF, Australia) was also 
added (Table 4-1). Concrete mixing was carried out in accordance with Australian 
standard (AS1012.2 2014), and all the ingredients were mixed in a conforming 
revolving pan mixer (Bennet 70L laboratory mixer). 
Table 4-1. Concrete coupon mix design and properties. 
w/ca 
Constituents a, (kg/m3) Compressive 
strength 
(MPa) 
Cement 
(GB) 
Aggregates Super 
plasticiser 10mm MS RS FS TOTAL 
0.40 420 753 376 471 282 1882 4.2 63 
        a Constituents are given as mass needed to form 1 m3 of concrete. 
     b w/c: water/cement mass ratio. 
Properties of the concrete including compressive strength, density, shrinkage, slump 
and apparent volume of permeable voids were measured in accordance with 
Australian standard (AS1012 2014) for the requirements of sewer pipe (detailed 
results shown in chapter 5). The acid neutralization capacity (ANC) was determined 
by titrating a given mass of the concrete against various quantities of 0.4 M sulfuric 
acid using the methods adapted from Sun et al. (2014). Approximately 100g of 
concrete cut from the center of a new concrete coupon was disaggregated in an agate 
mill. The remaining (aggregate-free) material was crushed and pestle to <0.5 mm 
particles, and then dried overnight in a 40 ºC oven. 1 g mass of the crushed concrete 
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material was then mixed with aliquots of sulfuric acid and adjusted the overall volume 
to 10 mL with the addition of distilled deionized water. Triplicate samples at each acid 
volume were then sealed and shaken for several months until the pH varied by <0.1 
pH units over a week. ANC curves were then constructed by comparing the final pH 
achieved with the amount of H+ ions added to the concrete mass and then adjusted to 
include the aggregate content of the coupon (Roberts et al. 2002).  
Concrete coupons were cast with dimensions of 100 mm (length) ×70 mm (width) ×50 
mm (thickness). The coupons were cured in moist air for 24 h and then cured in lime-
saturated water for 28 days. After curing, the coupons were dried in an oven 
(Thermotec 2000, Contherm) at 60 ºC for 3 days to achieve similar and stable initial 
water content (Joseph et al. 2012). Two dried coupons were then embedded as a pair 
in a stainless-steel frame, providing a reference point for determining the change in 
thickness due to corrosion (Jiang et al. 2014a). And then epoxy (FGI 157 R180 epoxy 
& H180 hardener) was added into the stainless-steel frame to enclose the coupons, 
ensuring that only the top surface of each coupon was exposed to the gas phase of 
the pilot sewer as described below in section 4.3.2. 
4.3.2 Corrosion tests in the pilot-scale sewer pipe 
The pilot-scale gravity sewer pipe (225 mm ID PVC pipes), located in the Luggage 
Point Wastewater Treatment Plant (WWTP, Brisbane, Australia) (Figure 4-1), had a 
total workable length of 300 meters with an overall slope at 0.56%. Raw wastewater 
of the WWTP influent with a pH at 7.2-7.5 was fed to the gravity pipe continuously at 
100 L/min. The wastewater contained dissolved sulfide at 27.2±0.5 mg-S/L, sulfate at 
15-20 mg-S/L, and chemical oxygen demand (COD) at 550-620 mg/L. The H2S 
concentration achieved in the pipe was 1100±100 ppm and the air velocity was 0.00-
0.02 m/s. The pilot sewer system was controlled by a programmable logic controller 
(PLC), and the operation state was manipulated using the Lab-View (Lab-View 2014, 
Real Time) (Song et al. 2018). 
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Figure 4-1. Photo of the pilot-scale gravity sewer system (A) and a schematic diagram 
of the pipe and the coupon installment for corrosion tests (B). 
Four concrete coupons, enclosed in stainless-steel frames, were installed in the gas-
phase of the gravity sewer pipe, at about 250 meters away from the sewer inlet. The 
coupons were placed on a plastic shelf inside the pipe so that the exposed surface 
was facing downwards, approximately 110 mm above the sewage level (Figure 4-1). 
This coupon arrangement simulated the sewer pipe crown, a location which is reported 
to be highly susceptible to corrosion damage (Islander et al. 1991). A H2S sensor (App-
Tek OdaLog® Logger L2, detection range of 0-2000 ppm) was employed for the 
continuous monitoring of gaseous H2S and temperature in the pipe at the coupon 
location. The relative humidity (RH) was measured weekly using a hand-held humidity 
meter (HM70, Vaisala, Australia). After 20 days of exposure, these four concrete 
coupons were retrieved for detailed chemical and biological analysis as described in 
the following sections.  
4.3.3 Sulfide oxidation rate (SOR) of coupons 
To determine sulfide oxidation rates (SOR), sulfide uptake rates (SUR) of two coupons 
under 500-1500 ppm H2S were measured after 20 days’ exposure in the sewer pipe 
using the method described in Sun et al. (2014). Briefly, coupons retrieved from the 
pilot sewer were stored in a chamber with 100% humidity until placed into the H2S 
uptake reactor where the relative humidity was controlled at 100%. To measure the 
SUR of each target concentration (i.e. Ci, ppm), H2S gas was generated in a bottle 
and injected into the reactor to achieve a gaseous concentration 20 ppm higher than 
the target concentration (i.e. Ci + 20, ppm). The H2S level in the reactor was then 
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monitored continuously using a H2S detector (App-Tek OdaLog® Logger L2, detection 
range of 0-2000 ppm). The average SUR of the coupon at each target level was 
calculated from 3 to 5 replicate measurements using the monitored H2S profiles (Sun 
et al., 2014). H2S uptake data of the concrete coupons were determined in the 
presence of either air (SURAir) or nitrogen gas to exclude oxidation reactions 
(SURNitrogen). Based on these two SUR measurements, the sulfide oxidation rate 
(SOR) of a concrete coupon was defined as: 
𝑆𝑂𝑅 = 𝑆𝑈𝑅𝐴𝑖𝑟 − 𝑆𝑈𝑅𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛                     Eq. 4.1 
To determine the chemical oxidation rate of sulfide, the surface of two coupons were 
sprayed with 50 ml 70% ethanol and then left to dry in a laminar flow sterile hood for 
2 hours (Gu et al. 1998). The sterilized samples were then equilibrated with 100% 
humidity until constant weight and then the SOR of the sterilized coupons was 
measured in the reactor as described above using a H2S detector (App-Tek OdaLog® 
Logger L2, detection range of 0-200 ppm). 
4.3.4 Analysis of corrosion on concrete coupons 
The concrete surface pH of each coupon was determined by a flat surface pH 
electrode (RapidRH® potable pH kit, Wagner) (Sun et al. 2014). Four independent 
measurements at different locations on the same coupon were used to calculate the 
average value.  
The corrosion products on the surface of the exposed concrete coupons were then 
sub-sampled for the analysis of sulfur compounds and microbial communities. For 
soluble sulfate measurement, samples from a known surface area (4 independent 
locations) of each coupon were scraped using a scalpel, dispersed into sulfide anti-
oxidant buffer solution and then measured using ion chromatography (Dionex ICS-
2000). For elemental sulfur analysis, corrosion products collected from a known 
surface area (4 independent locations) were treated to convert elemental sulfur to 
thiosulfate, which was then determined using ion chromatography (Dionex ICS-2000) 
(Jiang et al. 2009). 
For DNA extraction, in order to get a sufficient amount of sample, all the corrosion 
products, except used for sulfur compounds measurements, from four coupons were 
collected with a sterile surgical scalpel into a sterile 50 mL polypropylene falcon tube. 
The products were then mixed, separated into duplicate samples and stored at 4 °C 
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for less than 24 h. Wastewater samples were taken directly from the gravity pipe 
through sampling ports and stored at 4 °C for less than 24 h. The cells were separated 
from the corrosion products using a sucrose density gradient and DNA of the corrosion 
products and wastewater samples were extracted using the Fast DNATM SPIN Kit for 
Soil (MP Biomedicals, CA, USA), as previously described (Jiang et al. 2016b). To 
perform 16S rRNA gene amplicon sequencing (Illumina), extracted DNA samples 
were provided to the Australia Center for Ecogenomics (ACE, Brisbane, Australia).  
The extracted 16S rRNA gene was amplified using the universal primer set 926F (5’- 
AAACTYAAAKGAATTGACGG-3’) and 1392R (5’-ACGGGCGGTGTGTRC-3’). The 
resulting PCR amplicons were purified using Agencourt AMPure XP beads (Beckman 
Coulter). Then the purified DNA was indexed using the Illumina Nextera XT 384 
sample Index Kit A-D (Illumina FC-131-1002) in standard PCR conditions with Q5 Hot 
Start High-Fidelity2X Master Mix. The indexed amplicons were pooled together in 
equimolar concentrations and sequenced on MiSeq Sequencing System (Illumina) at 
ACE according to the manufacturer's protocol. 
Raw sequencing data were quality-filtered and demultiplexed using Trimmomatic, with 
poor-quality sequences trimmed and removed. Subsequently, high-quality sequences 
at 97% similarity were clustered into operational taxonomic units (OTU) using QIIME 
with default parameters, and representative OTU sequences were taxonomically 
BLASTed against the Greengenes 16S rRNA database. Finally, an OTU table 
consisting of the taxonomic classification and OTU representative sequences was 
produced using R (ver 3.31, http://www.R-project.org/).  
To examine the chemistry and mineralogy of corrosion products formed on the 
concrete surface, small slices of the exposed surface from each coupon (four in total) 
were carefully removed using a chisel, and dried in a vacuum oven (SEMSA OVEN 
718) at 60 ℃ for 8 h. The dried samples were then coated twice by a carbon coater 
(Quorum Q150T, UK), following the three heavy-burst model to obtain the carbon 
thickness of 30-40 nm. Coated samples were analyzed by the scanning electron 
microscopy (SEM) (JEOL JSM-6610, America) equipped with a detector (Oxford 
50mm2 X-Max SDD x-ray) that enables simultaneous imaging and elemental analysis 
at high count rates with 125 eV energy resolutions. The EDAX software (EDAX, 
AMETEK Inc) was utilized, at a frame resolution of 1024×800, with a dwell time of 200 
s/frame, to collect 16 frames for each region of interest. The locations for spot analyses 
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were not random, but chosen by examining the BSE (Backscattered electron) image, 
which was typically used to identify the boundaries of mineral phases (Song et al. 
2018). 
After all the measurements mentioned above, the exposed surfaces of concrete 
coupons were washed using a high-pressure washer (Karcher K 5.20 M). The 
corrosion loss from the surface of each coupon was calculated based on the point 
mesh generated before and after exposure, using the photogrammetry approach 
(Jiang et al. 2015b, Wells et al. 2009).  
4.3.5 Batch tests: sulfide oxidation in the presence of concrete and corrosion 
products 
Batch tests were performed to determine the oxidation of hydrogen sulfide by oxygen 
in the presence of crushed powder from a new concrete or corrosion products based 
on a modified method (Jensen et al. 2011). The batch tests were conducted in a glass 
reactor with 800 mL working volume at 24±0.5 oC (Figure 4-2). A pH sensor (pH 150, 
Oakton) and a dissolved oxygen (DO) sensor (LDO101, HQ40d, Hach) were mounted 
to the reactor and sealed with Teflon tape (Oxygen tape, Unasco Pty Ltd, Sydney, 
Australia). The solution was mixed at 100 rpm using a magnetic stirrer (Heidolph 
MR3000). A 50 mL syringe filled with the testing solution was used as a sample 
replacer to avoid headspace or negative pressure inside the reactor during sampling.  
 
Figure 4-2. Schematic diagram of the reactor setup for tests on suspended solutions 
of new concrete power and auto-calved corrosion layer scrapings. 
For new concrete powder, samples cut from the center of a new concrete coupon were 
disaggregated in an agate mill, then the aggregate-free material was crushed to <0.5 
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mm particles and then mixed together with the aggregates collected from 
disaggregation process. Corrosion products were collected using a sterile surgical 
scalpel from a corroding concrete coupon, which was partially submerged in 
wastewater in the pilot-scale gravity pipe (Figure 4-1) for one month. The corrosion 
products were autoclaved at 120°C for 20 minutes, and then cool down to 20 °C. For 
each test, either crushed new concrete powders (20 g) or autoclaved corrosion 
products (10 g) were transferred into the reactor with aerated milli-Q water.  
Duplicate tests were carried out with no headspace in the reactor. At the beginning of 
each test, the sulfide stock solution (about 300 mg-S/L) was prepared using 
Na2S.9H2O. The sulfide was added to the reactor to achieve 5.0-6.5 mg-S/L, which 
corresponded to an equilibrium concentration of gaseous H2S at 400–1000 ppm (pH 
2-10) (Jensen et al. 2011). Liquid samples were taken at 15 minute intervals during 
the first hour and then every 1-hour over 4 hours for the analysis of inorganic sulfur 
compounds using ion chromatography (Dionex ICS-2000) (Keller-Lehmann et al. 
2006). 
4.4 Results and discussion  
4.4.1 Corrosion of concrete coupons exposed in the gravity sewer 
4.4.1.1 Visual inspection, surface pH and corrosion rate 
During the exposure period, the gaseous H2S concentration inside the pipe was at 
1100±100 ppm, the temperature was 21.5± 2.4 ºC, and the relative humidity was 
95.7±3.0%. This level of H2S inside the pipe represented high-level hot spots that 
occur in sewers. The high level also facilitated the observation of measurable 
corrosion within a reasonable timeframe (i.e. exposure time of several weeks). 
From visual inspection, before exposure, the grayish surface of all four coupons was 
smooth and firm (Figure 4-3). After 20 days, the color of the entire surface became 
darker and obvious corrosion products were observed at the edge of coupons, likely 
due to the roughness and unnoticed micro-cracking near the edges (Figure 4-3). The 
corrosion products were light yellow color, expansive and loose. This is similar to 
typical corrosion products formed due to microbial induced corrosion (Cayford 2012). 
The middle part of each coupon was still sound with some dark spots observed from 
visual inspection. Likely the darks spots were attributed to the leaching of ferruginous 
components of aggregates (Jana and Lewis 2005). 
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Figure 4-3. The surface conditions of the four concrete coupons before exposure (the 
first row), and after 20-days exposure (the second row).  
Regional differences regarding pH were also observed on these coupons. The surface 
pH of coupons reduced from 10.5±0.3 to 3.1±0.5 at the edge and to 7.7±0.1 in the 
middle parts after 20 days of exposure in the pipe. Surface pH is usually regarded as 
a good indicator of corrosion development and mass loss of concrete, as the alkalinity 
of the exposed concrete surface is consumed by direct or indirect reaction with H2S in 
the sewer atmosphere (Jiang et al. 2015b). In a real sewer with 423 ppm of H2S, the 
surface pH dropped from c.a. 10 to c.a. 7 in 6 months then further reduced to c.a. 4 in 
20 months (Wells and Melchers 2015). Another lab study found that the surface pH 
was reduced from c.a. 10 to c.a. 7 and c.a. 4 in 6 months and 24 months exposure to 
50 ppm of H2S, respectively (Jiang et al. 2015b). In comparison, the reductions of 
surface pH on both the middle and edge parts of the concrete coupons were much 
faster in this study. The pH reduction of concrete would eventually lead to the mass 
loss of concrete (Islander et al. 1991). 
The average corrosion rate was determined from the four coupons as 3.5±0.3 
mm/year during the 20-day exposure. Consistent with the pH and visual inspection, 
the corrosion rate is not uniform on the surface of each coupon. The corrosion on 
about 40-60% area of each coupon was observed to be insignificant (Figure 4-4). 
Whereas, several peaks of higher corrosion rates on less than 10% area of each 
coupon, were observed at around 9 mm/year, 2-5 mm/year, around 7 mm/year and 
around 5 mm/year for coupon I, II, III and IV, respectively (Figure 4-4). These higher 
corrosion rates were observed in areas along the edges of the coupons. As a 
combination of cement, water, aggregates and other admixtures, concrete is not a 
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homogenous material. The structure of concrete around the edge is likely to be less 
sound due to the density gradient of cement and aggregates, in comparison to the 
middle parts of the coupons (Kreijger 1984). Additionally, areas along the coupon 
edges on the surface were likely subjected to corrosion attack from both the exposure 
surface and from the sides of exposure surfaces.  
 
Figure 4-4. Relative frequency distribution of corrosion rates on the exposed surface 
of the four coupons (I, II, III and IV). Corrosion rates were calculated using the 
photogrammetry approach. 
The average corrosion rate observed was similar to the rates detected on pipes 
subjected to corrosion in the USA, and higher than the rate of a sewer pipe with 12 
years exposure, that is reportedly due to MICC under 6-300 ppm gaseous H2S 
(Emergency and Response 1991, Mori et al. 1991). The coupons used in this study 
were produced from fly ash blended concrete. Fly ash blended concretes are reported 
to be resistant to sulfide-oxidizing bacteria and have lower corrosion rates (1.0-1.3 
mm/year) under 0-250 ppm gaseous H2S (Monteny et al. 2000). The corrosion rate 
detected in this study, especially on the coupon edge areas, was higher than that 
previously reported for fly ash blended concrete and for most sewer corrosion studies 
(Emergency and Response 1991, Mori et al. 1991). Furthermore, in studies of MICC, 
the corrosion rates are usually reported after an initiation period. The initiation of 
corrosion on new concrete was conventionally considered as a slow process that takes 
several years or decades (Joseph et al. 2012). For example, corrosion loss was only 
observed after 12 months of exposure in a real sewer with H2S concentrations as high 
as 423 ppm and after 34 months of exposure in a laboratory corrosion chamber with 
50 ppm H2S (Jiang et al. 2015b, Wells and Melchers 2015). The fast corrosion that 
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developed within 20 days under 1100±100 ppm gaseous H2S in this study was 
different from all the previous reports.  
The visual inspections, pH reduction and the determined corrosion rates confirmed 
the rapid development of corrosion on the coupon surface. This differs to what is 
previously reported and this rapid corrosion was very likely due to the extremely high 
concentration of H2S, which facilitated the chemical oxidation of sulfide on concrete 
surfaces. 
4.4.1.2 Corrosion product characteristics 
The microstructure analysis using SEM revealed considerable mineralogical changes 
on the coupon surface. Angular crystal formations were observed to be sulfur-
containing corrosion products (Figure 4-5A, Figure A1 in the appendix) (Cayford 
2012). These corrosion products were either loosely scattered on fly ash (region 1, 
Figure 4-5A) (Kutchko and Kim 2006), or piled up on a cement matrix (region 2 and 3, 
Figure 4-5A). Hexagonal formations (region 3, Figure 4-5A) and a collection of 
amorphous particles (region 2, Figure 4-5A) were observed, and these were typical of 
hydration products of cement, cement-calcium hydroxide, and calcium silicate hydrate 
(Franus et al. 2015). Lesser amounts of those hydration products were observed in 
comparison to corrosion products, which suggests that alkalinity loss occurred due to 
the corrosion process. Similar microstructures were observed for all these four 
coupons (i.e. coupon I, II, III and IV) (Figure A1 in the appendix).  In microbially induced 
concrete corrosion, microbial cells are detected by SEM as small elongated shapes in 
the corrosion layer (Cayford 2012). In this study, no evidence of microbes was found 
in the corrosion layer (Figure 4-5A, Figure A1 in the appendix).  
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Figure 4-5. A scanning electron microscopy (SEM) image of corrosion products on the 
surface of coupon I after the 20-day exposure in the pilot gravity sewer pipe (A), sulfur 
species in the corrosion products (B), a backscattered electron (BSE) image indicating 
the regions on the coupon I surface selected for energy dispersive X-ray spectroscopy 
(EDS) analysis, shown as SPEC 1, 2 and 3 (C), and the percentage of elements by 
weight, except the coating material, of SPEC 1, 2 and 3 (D). 
Based on the different regional brightness in BSE images (Figure 4-5C, Figure A1 in 
the appendix), the major elements, minus the coating material, were detected at the 
typical spots for each coupon (i.e. SPEC1, 2, 3) by EDS analysis (Figure 4-5C, D). 
The corrosion products, formed in the angular shapes (SPEC 1, Figure 4-5C), mainly 
consisted of O, Ca and S with the atomic ratio of 6.3: 0.9: 1.0 (O: Ca: S). This suggests 
that the angular crystal corrosion products is mainly gypsum (CaSO4·2H2O), a typical 
corrosion product in microbial induced concrete corrosion (Grengg et al. 2015, 
Gutierrez-Padilla and Dolores 2007).  Similar to SEM images, the corrosion products 
were piled up on calcium hydroxide (hexagonal formations) in SPEC 2 and calcium 
silicate hydrate (a collection of amorphous particles) in SPEC 3 (Figure 4-5C), where 
the calculated atomic ratios were 7.1: 0.8: 1.0 (O: Ca: S) and 10.1: 0.7: 1.0: 0.5 (O: 
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Ca: S: Si), respectively. Although the atomic ratio varied depending on the associated 
hydration products, the O/S ratio, and the soluble sulfur species analysis of the 
corrosion products collected from each coupon surface, further confirmed that sulfate 
was the dominant product of the H2S oxidation with some elemental sulfur present in 
the corrosion product (Figure 4-5B). 
Previously, sulfate is mainly formed in later stages of concrete corrosion when sulfide 
was biologically oxidized to sulfuric acid by NSOM and ASOM (Cayford et al. 2012, 
Okabe et al. 2007). In the initiation stage of concrete corrosion, elemental sulfur was 
the main oxidation product of H2S in laboratory chamber experiments, where it was 
reported that the abiotic process of concrete corrosion mainly occurred (Jiang et al. 
2015b, Joseph et al. 2012). Sulfate was only detected in corrosion products after 
twelve-month exposure in a laboratory chamber with 50 ppm of gaseous H2S (Jiang 
et al. 2015b, Joseph et al. 2012). During the initiation stage, the maximum amount of 
sulfate was reposted as 2.2 g/m2 after twelve-month exposure, while the levels of 
elemental sulfur were more than an order of magnitude higher (Joseph et al. 2012). In 
contrast, the sulfate content of corrosion products on the whole coupon surface in this 
study was 2-3 times higher than elemental sulfur and was two times higher than the 
maximum concentration reported in the laboratory chamber study (Joseph et al. 2012) 
(Figure 4-5B). 
The observed rapid corrosion and the formation of sulfate as the main corrosion 
products cannot be explained by either the three-stage corrosion development model 
(Islander et al. 1991) or the previous theory describing the initiation of corrosion (Jiang 
et al. 2015b, Joseph et al. 2012). The short exposure time suggests that there was 
likely no development of any sulfide oxidizing microorganisms. Instead, the fast 
chemical oxidation of H2S to sulfuric acid might be the main cause of the observed 
fast corrosion and sulfate dominated corrosion products. 
4.4.2 Microbial community in the corrosion layer 
To delineate the role of microbes in the observed rapid corrosion, the microbial 
communities were determined for the corrosion layer collected from the four coupons 
(CA = mixture of coupon I and II, CB = mixture of coupon III and IV) and from 
wastewater samples (WA, WB) (Figure 4-6). In these corrosion layer samples, 
Bacteroides, Prevotella 9, Barnesiella, Faecalibacterium, Streptococcus, 
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Christensenellaceae R-7 group, and Caulobacter were detected as the top eight 
abundant microbes in genus level. Most of these bacteria detected are anaerobes and 
none of them are known to be capable of oxidizing sulfur. Bacteroides Prevotella 9, 
Barnesiella and Faecalibacterium are obligate anaerobic bacteria, and are found 
prominently in human guts (Bernhard and Field 2000, Ramirez-Farias et al. 2008, Wu 
et al. 2015).  Most Streptococcus are facultative anaerobes and are mostly related to 
the infection of humans and animals (Cleary et al. 1992). Firmicutes are anaerobic 
microbes and found in various environments including human guts and fuel cell 
experiments (Ismail et al. 2011, Wrighton et al. 2008). Christensenellaceae R-7 group 
are anaerobic bacteria that can be found in the ruminal mucosa of goats and food 
waste digester (Jiao et al. 2018, Lee et al. 2017). Caulobacter are generally aerobic 
microbes detected in dilute aquatic environments with limiting nutrients (Ely 1991). 
Based on the probable capabilities of these bacteria detected in the oxidative corrosion 
layers, there is little to suggest they were active components. It is likely we are 
detecting the remnants of bacteria that have come from the wastewater.  
 
Figure 4-6. Heatmap summarizing the percent relative abundances of bacteria (each 
row representing an OTU) in the corrosion layer samples combined from the four 
coupons (CA and CB).  Two wastewater samples from the same sewer pipe was 
included as WA and WB. Reads that could not be classified are collectively referred 
to as ‘unclassified’. 
In the three-stage theory about the sewer concrete corrosion, microorganisms mainly 
colonize the concrete surfaces at later stages (Islander et al. 1991). Some 
  
 
48 
heterotrophic and neutrophilic bacteria, including Psychrobacter fozii, Planococcus 
antarcticus, Polaromonas naphthalenivorans, and Acidovorax delafieldii, were 
detected at end of the initiation stage when the pH of concrete was neutralized to 
around 8 (Okabe et al. 2007, Parker 1945b). However, these bacteria were not 
detected in this current study. In MICC, once the pH is reduced to lower than 4, due 
to the sulfide oxidation and acid production, acidophilic microbes usually become the 
dominant species (>50%).  The most typical genus of acidophilic microorganisms 
associated with biogenic acid production is Acidithiobacillus including A. ferrooxidans, 
A. thiooxidans, and A. caldus (Davis et al. 1998, Harrison Jr 1984, Islander et al. 1991, 
Jiang et al. 2016b, Parker 1945b). In addition to Acidithiobacillus spp., Acidiphilium 
spp., Mycobacterium spp., Xanthomonadales spp, are often detected as abundant in 
acidophilic communities of sewer corrosion layers (Cayford et al. 2017, Jiang et al. 
2016a, Li et al. 2017, Okabe et al. 2007, Pagaling et al. 2014). None of these typical 
ASOM was detected in the corrosion products collected from the concrete samples in 
this study. Therefore, it is highly likely that biological sulfide oxidation was not playing 
a major role in the rapid corrosion observed in the presence of high H2S levels. The 
observed quick corrosion due to chemical processes could serve as a precedent stage 
for the development of the advanced microbial corrosion. The contributions of the 
initial chemical induced corrosion and the subsequent microbial corrosion to the 
overall service life of concrete sewers require further long-term investigations. 
4.4.3 Sulfide oxidation rates of concrete coupons after exposure 
The SOR of the coupons prior to and after sterilization were quite similar for H2S 
concentrations up to 200 ppm (Figure 4-7). It shows clearly that sterilization of the 
concrete did not have any impact on the SOR and it confirms that the microbes on the 
concrete had a negligible role in H2S oxidation. Together with the absence of sulfide 
oxidizing microbes in the corrosion layer (Section 4.4.2), it clearly suggests that 
biological sulfide oxidation is not the cause of the concrete corrosion and thus the SOR 
observed were mainly due to chemical oxidation of sulfide.  
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Figure 4-7. Sulfide oxidation rates of concrete coupons before and after sterilization 
under 10-200 ppm H2S (A), and the sulfide oxidation rates of concrete coupons under 
500-1500 ppm H2S (B). 
The SOR of both coupons were below 25 mg-S/m2h under 10-200 ppm H2S and 
increased to around 200 mg-S/m2h at approximately 1500 ppm H2S. The SOR 
observed for the chemical oxidation process is comparable to the sulfide uptake rate 
(SUR). SUR is usually used as a good indicator of the development and activity of 
sulfide oxidizing bacteria in microbial induced concrete corrosion. The SUR of 250±5 
mg-S/m2h was reported for MICC after 33 months of exposure to H2S at 50 ppm (Sun 
et al. 2014) and around 100 mg-S/m2h for coupons after 17 months exposure under 
25 ppm H2S (Jiang et al. 2016b). At the exposure of 1000 ppm of H2S, a rapid 
consumption of H2S, 3600 mg-S/m2h was observed in a pipe section after several 
months (Vollertsen et al. 2008). Under the same H2S concentration, the SOR 
measured in this study was relatively lower compared with previous studies reported 
for MICC. However, the SOR at above 1000 ppm H2S of this study were comparable 
to the uptake rate of microbes under 50 ppm (Sun et al. 2014), which could lead to 
similar magnitudes of corrosion.  
Under the high levels of H2S (500ppm-1500ppm), the SOR increased significantly 
along with the increase of H2S concentration (Figure 4-7B). Kinetic models (i.e. 
exponential, power), have been previously used to describe the oxidation rate of 
sulfide in MICC (Æsøy et al. 2002, Sun et al. 2014). Fitting SOR results into 
exponential kinetics, the exponent showed a positive value (0.0021) (Figure 4-7B), 
which is contrary to the negative value previously reported for MICC (-0.0135) (Sun et 
al. 2014). In power kinetic models, the reaction order for sulfide oxidation in this study 
was estimated to be 2.4, which is higher than the reaction order (1.5) previously 
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reported for chemical dominated sulfide oxidation on concrete surfaces and also 
higher than that reported for microbial induced sulfide oxidation on corroding concrete 
surfaces (0.45-0.7) (Satoh et al. 2009, Vollertsen et al. 2008). With the highest R2 
(0.992) and the lowest sum of residual squares (272.1), exponential kinetics best 
described the chemical sulfide oxidation on the concrete surface in this study (Table 
A1 in the appendix). The kinetic analysis suggested that chemical sulfide oxidation is 
different to the biological sulfide oxidation and that the SOR increases exponentially 
with H2S concentration, implicating that chemically induced corrosion will be more 
severe in sewers with higher H2S concentrations.  
4.4.4 Chemical oxidation of sulfide in the presence of concrete or corrosion 
products 
In the batch tests with aerated water containing new concrete powder, more than 70% 
of the sulfide was oxidized within 4 hours (Figure 4-8A) and the total amount of 
inorganic sulfur species remained constant (Figure A2 in the appendix). The main 
oxidation products were found to be sulfate and thiosulfate, accounting for 52.6±0.8% 
and 42.0±1.3% of the total oxidized sulfide, respectively. The molar consumption ratio 
of sulfide to oxygen was 0.8±0.1, which was consistent with the theoretical oxygen 
demand ratio for the production of sulfate and thiosulfate. During the 4-hour batch 
tests, the production of elemental sulfur was not observed. The average sulfide 
oxidation rate was 1.12 ± 0.01 mg-S/Lh and the pH was stable at 11.3±0.1 during the 
whole process. This relatively stable pH is consistent with the strong acid 
neutralization capacity of concrete powder within the range of pH 13-10 (Figure A3 in 
the appendix).  
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Figure 4-8. Chemical oxidation of sulfide in aerated water containing new concrete 
powder (A) and autoclaved corrosion layer scrapings (B). 
For the batch tests containing autoclaved corrosion layer scrapings, 26% of the sulfide 
dosed was oxidized during the tests (Figure 4-8B). Along with the sulfate production, 
the elemental sulfur from the corrosion product was reduced by 35±5%. The molar 
consumption ratio of sulfide/oxygen was 1.7±0.1 and the total amount of inorganic 
sulfur species remained constant (Figure A2 in the appendix). Considering elemental 
sulfur oxidation and potential formation of polysulfide between elemental sulfur and 
sulfide, it was unclear whether sulfate production is due to the oxidation of elemental 
sulfur or sulfide. However, the average sulfide oxidation rate, 0.22±0.02 mg-S/Lh, 
was 5 times slower than the batch tests with new concrete powder. Production of 
sulfite and thiosulfate was not observed over 4 hours and the pH was 2.58±0.09 during 
the whole process (Figure A2 in the appendix). 
In previous batch tests, the chemical sulfide oxidation rate in acidic solutions (pH<2) 
of suspended corrosion products was reported as 0.01-0.1 mg-S/Lh and elemental 
sulfur was assumed to be the main product as deduced from the oxygen and hydrogen 
sulfide uptake ratio (Jensen et al. 2011). The chemical sulfide oxidation in solutions of 
crushed new concrete with high alkalinity has not been reported. For the chemical 
oxidation of sulfide tests in water, thiosulfate is found as the principal product at 
pH>8.5, regardless of the sulfide/oxygen ratio, and the oxidation products were not 
reported at pH< 6, since the oxidation rate was very slow (Chen and Morris 1972). On 
concrete surfaces, Parker (1947) noted that sulfide can be abiotically oxidized to 
thiosulfate on new concrete and at lower pH, elemental sulfur was presumed as the 
main product (Harrison Jr 1984). The potential abiotic oxidation pathways from H2S to 
SO42- was proposed by Islander et al. (1991) but not demonstrated by experiments. 
In this current study, the production of sulfate by chemical oxidation of sulfide in 
solutions containing either new concrete powder or corrosion product was observed 
and confirmed by direct measurement for the first time. Possibly the reactions 
observed here are due to metals such as Fe2+, Fe3+ and Cu2+, existing in the concrete 
and corrosion product and catalyzing the chemical oxidation of sulfide (Fernandes et 
al. 2012, Manso et al. 2006). The higher oxidation in new concrete solutions suggested 
a more significant impact due to chemical oxidation of sulfide on the concrete corrosion 
process. Therefore, with sulfuric acid as the main product, chemically induced 
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corrosion of concrete under high H2S concentration in sewers plays a critical role, 
especially for newly manufactured concrete sewers.  
4.5 Conclusions 
The rapid corrosion of new concrete within 20 days at high hydrogen sulfide 
concentrations in sewers was investigated. Different from previous studies, which 
mainly focus on MICC, this was the first-ever report of chemically induced corrosion 
of concrete sewers. This has resulted in the following key findings: 
 Hydrogen sulfide of around 1000 ppm led to fast concrete corrosion within one 
month, this was characterized by a surface pH around 3 and a corrosion rate 
around 3 mm/year. 
 The fast corrosion of concrete with high levels of H2S in the sewer was mainly 
due to the chemical oxidation of hydrogen sulfide to sulfuric acid. No sulfide 
oxidizing microorganisms were found to participate in the corrosion.  
 The rate of chemical sulfide oxidation increased exponentially with hydrogen 
sulfide concentrations and this could induce potentially high corrosion rates. 
These novel findings of in-sewer corrosion processes hold profound implications for 
sewer operation and corrosion management. The chemically induced corrosion of 
newly manufactured concrete sewers would be critical when high H2S concentrations 
occur in the sewer atmosphere, especially at certain corrosion hot spots.
 53 This chapter has been published and modified for incorporation in this thesis:  Li, X., 
O'Moore, L., Wilkie, S., Song, Y., Bond, P.L., Yuan, Z., Hanzic, L. and Jiang, G. ‘Nitrite 
admixed concrete using sulfate resistant cement for wastewater structures: 
mechanical properties, leaching behavior and biofilm development’, Construction and 
Building Materials, 233, 117-341. (2020). 
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5.1 Abstract 
This chapter systematically investigated the impacts of calcium nitrite addition and its 
dosages on the mechanical properties and biofilm communities of concrete sewers 
using sulfate resistant cement through standard tests and DNA sequencing, 
respectively. The results showed that the density and compressive strength were not 
significantly affected by the calcium nitrite admixture. The compressive strength of 
concrete with all five calcium nitrite dosages achieved above 50 MPa, satisfying the 
design guidelines for concrete sewers. The setting time and water demand for normal 
consistency were reduced, but slump, drying shrinkage, and apparent volume of 
permeable voids increased with calcium nitrite dosage up to 4% weight of cement. A 
higher dosage (>4%) can lead to a very short and impractical setting time. The long-
term leaching of nitrite and development of sewer biofilm on the concrete surface were 
monitored over 15 and 6 months, respectively, for three different calcium nitrite 
dosages. The cumulative leached fraction of nitrite and biofilm communities were not 
significantly affected by the different dosages of calcium nitrite in the concrete. 
Collectively speaking, the addition of calcium nitrite in concrete as an admixture is 
environmentally friendly but extra care should be taken on the dosage and mix design 
to avoid adverse impacts on concrete mechanical properties.  
5.2 Introduction 
This thesis proposed to incorporate nitrite as an admixture into concrete for MICC 
control in sewers. Prior to the corrosion resistance test, the feasibility of applying nitrite 
admixed concrete for sewer structures needs to be confirmed by meeting the sewer 
requirement and minimizing the adverse environmental impact. Concrete sewers 
(including rising mains and gravity pipes) are often exposed to aggressive 
environments. In submerged parts, sulfate in wastewater directly reacts with the 
cementitious paste of the concrete through forming ettringite and gypsum (Bastidas-
Arteaga et al. 2008). In partially submerged sewers, H2S in sewer gas is oxidized into 
sulfuric acid on the concrete surface and attacks the concrete above the water level 
(Wells and Melchers 2015). Both the sulfate attack from wastewater and sulfuric acid 
formed on the concrete surface produces expansive corrosion products and weakens 
the sewer structural capacity (Morton et al. 1991). Therefore, in most of the countries, 
sulfate resistant cement is required to be used for sewer manufacture due to the 
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exposure environment (ACI 1991, AS3735-2001 2011). Fly ash, a type of pozzolan, is 
a common admixture in sulfate resistant cement (Chindaprasirt et al. 2007). The 
addition of fly ash in cement reduces the calcium hydroxide content and permeability 
of concrete, which increases the resistance of concrete to the attack from sulfate (Shi 
and Stegemann 2000). 
In addition to sulfate attack, chloride ingress is another major cause for sewer 
degradation (François et al. 2018). Chloride is ubiquitous in sewage and it can be at 
very high levels when the residual chloride from the application of de-icing agents 
enters into sewers in winters (Sulikowski and Kozubal 2016). Besides, some coastal 
cities (e.g. Hong Kong) have very high chloride in the wastewater system due to the 
use of seawater for toilet flushing (Leung et al. 2012). Penetrating through cracks or 
pore structures in concrete, chloride reaches the steel and depassivates the protective 
layer of steel. After the depassivation, steel corrosion initiates and produces expansive 
corrosion products, i.e. iron rust. Similar to the sulfate attack, the expansive corrosion 
products induce the cracking process and accelerate the steel corrosion (Bastidas-
Arteaga et al. 2008). The ingress of sulfate and chloride causes a combination of rebar 
corrosion and concrete cracking, resulting in the accelerated deterioration of concrete-
based sewer infrastructures (Sulikowski and Kozubal 2016). 
Calcium nitrite has been widely used as a corrosion inhibitor against chloride attack of 
rebar steel for several decades (Angst et al. 2011). Calcium nitrite increases the 
chloride threshold level and also the corrosion-free life of rebar (Ngala et al. 2002). 
Therefore, calcium nitrite was chosen as the admixture for this thesis to manufacture 
the nitrite admixed concrete. However, the addition of calcium nitrite is reported to 
change the physical and mechanical properties of concrete using ordinary Portland 
cement (OPC). Calcium nitrite accelerates the formation of calcium hydroxide and 
increases the total volume of pore structures in OPC concrete, which usually increases 
the air content, the workability of fresh concrete and the cumulative pore volume of 
hardened concrete (Li et al. 2000). Furthermore, calcium nitrite is reported to affect 
the compressive strength of the concrete positively or negatively depending on 
different mix designs (Berke and Rosenberg 1989, De Schutter and Luo 2004, 
Malikyar et al. 2018). In particular, as sulfate resistant cement is required for sewer 
construction, to date, there is no report on the impacts of admixing calcium nitrite with 
sulfate resistant cement on the properties of concrete. To investigate the feasibility of 
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adding calcium nitrite as an admixture into concrete using sulfate resistant cement, it 
is essential to understand the changes in fresh and mechanical properties under 
different calcium nitrite levels.  
Inevitably, sewer structures are fully or partially submerged in wastewater. Leaching 
of nitrite into wastewater is thus a major concern for sewer structures using nitrite-
admixed concrete. A sufficient level of nitrite in concrete is a key factor for achieving 
the inhibitory effect on MICC mitigation. A previous study using OPC concrete found 
that the leaching behavior of nitrite is affected by the curing time, mix design and 
temperature (Liang et al. 2003). The leaching behavior of nitrite admixed with sulfate 
resistant cement at different dosages has not been investigated. Furthermore, 
anaerobic biofilms develop on the concrete surfaces submerged in wastewater in the 
sewers (Satoh et al. 2009). The nitrite inside concrete may affect the anaerobic 
biofilms formed on concrete surfaces due to the inhibitory effects of nitrite on 
microorganisms. These effects may be desired or undesired for the benefit of 
wastewater management. Regardless, it is necessary to understand the potential 
impact of nitrite admixed on the activity and development of sewer biofilms.  
Collectively speaking, this chapter aims to investigate the impact of calcium nitrite and 
its dosages as an admixture with sulfate resistant cement on the fresh and hardened 
concrete properties, the nitrite leaching behavior and the biofilms development on the 
concrete surface. Five different dosages of calcium nitrite were employed to cast test 
specimens. The relationship between the concrete properties and nitrite dosages was 
determined and analyzed with regression models. Nitrite leaching performance was 
tested for three different calcium nitrite dosages over 15 months. Laboratory-scale 
anaerobic wastewater reactors were used to monitor the development of biofilms on 
the nitrite-admixed concrete with three different dosages in real domestic sewage over 
six months. This systematical investigation will support the development and 
application of nitrite-admixed concrete for durable, resilient and sustainable sewer 
infrastructures. 
5.3 Materials and methods 
5.3.1 Ingredients and mix design 
General Blended sulfate-resistant cement (Cement Australia Builders Cement), in 
compliance with AS 3972 (AS2972 2010) was adopted as the primary binder. This 
  
 
57 
cement contains 75–95% of Portland cement clinker, 5–25% fly ash and 0–5% minor 
additional constituents. The coarse aggregates were crushed aggregate (CA) with a 
nominal maximum particle size of 10 mm, specific gravity (SG) of 2.89, fineness 
modulus of 4.17, and water absorption (A) of 0.28%. Three fine aggregates including 
crushed manufactured sand (MS), natural river sand (RS) and natural fine sand (FS) 
have a specific gravity of 2.91, 2.67 and 2.66, fineness modulus of 4.82, 7.26 and 
8.94, water absorption of 0.56%, 2.41% and 1.61%, respectively. A conventional 
concrete mix design (industrial based), typically used in sewers, was adopted (Table 
5-1). A water/cement (w/c) ratio of 0.4 was used in all the mixes. The key parameter 
examined experimentally was the dosage of calcium nitrite by weight (0%, 1%, 2%, 
3%, 4% of cement weight). Calcium nitrite (Ca(NO2)2) solution (30 wt. % in H2O, 
Sigma-Aldrich) was applied according to the mix design (Table 5-1). Polycarboxylate 
ether polymers superplasticiser (MasterGlenium SKY 8700, BASF) was added to 
achieve the desired workability (Table 5-1).  
Table 5-1. Summary of mix designs used for concrete properties study. 
Calcium nitrite 
dosage 
Constituents (kg/m3) 
w/c Cement 
Free 
water 
Ca(NO2)2 
Aggregates a 
S.P.b(l) 
10mm MS RS FS TOTAL 
0% 0.4 420 168 0 750 375 469 281 1876 4.2 
1% 0.4 420 168 4.2 749 374 468 281 1871 4.2 
2% 0.4 420 168 8.4 747 373 467 280 1867 4.2 
3% 0.4 420 168 12.6 745 372 466 279 1862 4.2 
4% 0.4 420 168 16.8 743 372 464 279 1858 4.2 
a In aggregates, 10mm, MS, RS, FS are the coarse aggregates, manufactured sand, natural river 
sand and natural fine sand, respectively. 
b S.P.: superplasticizer. 
 
5.3.2 Mixing, casting and curing procedure 
Concrete mixing was carried out in accordance with AS 1012.2 (AS1012.2 2014), in a 
conforming revolving pan mixer (Bennet 70L laboratory mixer).  The mixing procedure 
was as follows: firstly, the coarse aggregate followed by the fine aggregate were hand 
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loaded into the concrete mixer with a sufficient quantity of mixing water (approximately 
50%) and mixed for 30 seconds. Then cement was added and covered with some of 
the aggregates. After that, the ingredients were mixed for 2 minutes and the remaining 
mix water and admixture (calcium nitrite and superplasticisers) were added within the 
first minute of mixing. After mixing, the mixer was stopped to rest for 2 minutes and 
operated for a further 2 minutes. The slump was measured within 3 minutes of 
stopping the mixer (section 5.3.3.1). After slump measurement, another 2 minutes of 
mixing was applied and then the fresh mixtures were filled into the molds for 
compressive strength measurements (section 5.3.3.2), drying shrinkage 
measurements (section 5.3.3.3) and apparent volume of permeable voids (AVPV) 
measurements (section 5.3.3.4). The mixture was consolidated on a vibration table 
within the next 20 minutes. Immediately after compaction, any molds with an exposed 
surface were placed under wet hessian sheets to provide a moist environment for 
curing.  All samples were stored in the concrete laboratory for 23±2 hours.  After this 
time, they were demolded and transferred to curing tanks. To avoid cross-
contamination, samples from different mixes were cured separately in lime-saturated 
water, at a standard tropical zone temperature of 27±2 °C until the appropriate testing 
age. 
5.3.3 Sample preparation and testing procedure 
5.3.3.1 Fresh properties 
The water demands for normal consistency and setting time for the cement with five 
different dosages of calcium nitrite (0%, 1%, 2%, 3% and 4%) were tested on cement 
pastes in accordance with AS/NZS 2350.4 (AS/NZS2350.4 2006). Slump tests and 
plastic density tests were conducted on fresh concrete immediately after mixing 
according to AS 1012.3.1 (AS1012.3.1 2014).  
5.3.3.2 Compressive strength 
Compressive strength tests were carried out on the concrete in accordance with AS 
1012.9 (AS1012.9 2014), using cylindrical molds of dimensions Ø100 x 200 mm. 
Three cylinders from each mix were cast as mentioned in section 5.3.2 and used for 
the compressive strength measurements at an age of 28 days. A force was applied 
continuously at a rate of 20±2 MPa compressive stress per minute until no increase in 
force could be sustained, and the maximum force applied was recorded.  
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5.3.3.3 Drying shrinkages 
Triplicate specimens for each concrete mix were cast in prism molds of dimensions 
280 x 75 x 75 mm conforming to AS 1012.8.4 and cured as described in section 5.3.2 
(AS1012.8.4 2015). At an age of seven days from molding, samples were removed 
from the curing tanks, wiped with a damp cloth, and placed in a drying chamber 
maintained at 23±1°C and 50±5% relative humidity in accordance to AS 1012.13 
(AS1012.13 2015). The first reading was completed within 2 minutes of removing the 
specimen from the curing tanks. Subsequent readings were taken for each specimen, 
after drying periods of 7, 14, 21, 28 and 56 days. 
5.3.3.4 The apparent volume of permeable voids 
Determination of the apparent volume of permeable voids (AVPV) in hardened 
concrete was carried out in accordance with AS 1012.21 (AS1012.21 1999). Test 
specimens were prepared by casting using Ø 100 x 200 mm test cylinders, cured as 
mentioned in section 5.3.2. Then, after up to 3 mm of the top surface of each cylinder 
was trimmed off, each cylinder was cut into four equal slices. The slices were dried in 
an oven at a temperature of 105 ± 5 °C for 24 h, cooled in desiccators to a temperature 
of 23 ± 2°C and weighed individually (M1). Then, the specimen slices from different 
mixes were immersed separately in distilled water at 23 ± 2 °C for not less than 48 h 
and then boiled for a period of 5.5 ± 0.5 h. The slices were then kept in the water until 
cooled to a final temperature of 23 ± 2°C and weighted individually (M2). Each slice 
was then suspended on a rack and immersed in water at 23 ± 2°C and the mass was 
recorded as M3. All the weight measurements were performed at an accuracy of 0.01 
g. The apparent volume of permeable voids (AVPV) was calculated as:  
 
 
5.3.4 Leaching of nitrite from admixed concrete 
The test methodology generally followed the specifications of ANSI/ANS-16.1-1986 
(ANSI/ANS-16.1 1986). Triplicate specimens from each calcium nitrite dosage (1%, 
2%, 3%) were cast using cylindrical molds of dimensions Ø 40 x 40 mm and cured 
individually in one-liter lime-saturated water at standard tropical zone temperature of 
27 ± 2 °C for 28 days. After curing, each cylinder was placed, supported by a plastic 
stand, inside a lidded plastic container with 800 mL deionized water (DI) at 24 ± 0.5°C. 
AVPV =  
(M2 − M1) 
M2−M3
 × 100%                         Eq. 5.1 
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The DI water maintains a uniform thickness around the specimen providing a ratio of 
liquid solution volume to specimen surface area at 12.7 cm.  
The leached solution was sampled and completely replaced by fresh DI water at 
regular intervals during cumulative leaching times ranging from 2 to 10320 h (over 430 
days). For analysis of the leached nitrite concentration, 5 mL of leached solution was 
filtered (0.22 mm membrane) and analyzed using a Lachat QuikChem 8000 
(Milwaukee) flow-injection analyzer (FIA). To assess the leaching process, a 
cumulative fraction leached (CFL) was defined as the sum of the fractions of nitrite 
leached during all sampling intervals prior to and including the present interval divided 
by the amount of nitrite in the test specimen before the test. For the i-th liquid 
replenishment, the CFL was calculated as: 
CFL = ∑
ai
A0
n
i=1                                                              Eq. 5.2 
where A0 is the total amount of nitrite inside the specimen at the beginning of the 
leaching experiment, which was calculated as the nominal admixed amount. And ai is 
the leached amount of nitrite at the i-th liquid replenishment interval. 
5.3.5 Biofilm development in wastewater and microbial community analysis 
Triplicate cylinders were cast with a diameter Ø 2 cm x 3 cm using the mortar from 
each of 0%, 2% and 4% calcium nitrite mixes with coarse aggregates removed by a 
4.75 mm sieve. After casting, the specimens were cured as mentioned in section 5.3.2 
for 28 days. Then, cylinders from each mix level were clustered on stainless-steel rods 
using cable ties and transferred to a lab-scale rising main sewer reactor (Figure 5-1) 
to simulate the anaerobic conditions in real sewers. Three reactors, made of Perspex 
with a volume of 0.75 L, were built to provide a similar ratio of liquid solution volume 
to specimen surfaces area as leaching tests in section 5.3.4. 
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Figure 5-1. Schematic diagram of sewer reactors for the incubation of cylinders with 
different calcium nitrite dosages. 
Domestic wastewater collected weekly from a nearby wet well in Brisbane, Australia, 
was stored in a cold room at 4 °C, and used as the feed to the reactors. The sewage 
typically contained sulfide at concentrations of <3 mg-S/L, sulfate at 10-25 mg-S/L, 
total chemical oxygen demand (COD) and soluble COD at 450-600 mg/L and 260-450 
mg/L, respectively, with the latter including volatile fatty acids (VFAs) at 50-120 mg-
COD/L. The hydraulic retention time (HRT) of the reactors was maintained as 6 hours, 
a common HRT in rising main sewers. The wastewater was preheated to room 
temperature before being pumped into the reactors through a peristaltic pump 
(Masterflex 7520-47). Each pumping event lasted 4 min for every 6 hours at the flow 
rate of 275 mL/min. Constant mixing was provided at 250 rpm with a magnetic stirrer 
(Heidolph MR3000) to produce a moderate shear force at the inner surface of the 
reactor wall.  
After 3 and 6 months of incubation, one cylinder from each type of concrete was 
removed from the reactor. The biofilm attached on the surface of each cylinder was 
collected using a sterile surgical scalpel into a sterile 50 mL polypropylene falcon tube 
and stored at 4 °C for less than 24 h before DNA was extracted.  
The DNA was extracted from the biofilm samples using the Fast DNATM SPIN Kit for 
Soil (MP Biomedicals, CA, USA), as per manufacturer’s instructions. The extracted 
DNA samples were provided to the Australia Center for Ecogenomics (ACE, Brisbane, 
Australia) for 16S rRNA gene amplicon sequencing (Illumina). The extracted 16S 
rRNA gene was amplified using the universal primer set 926F (5’- 
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AAACTYAAAKGAATTGACGG-3’) and 1392R (5’-ACGGGCGGTGTGTRC-3’). The 
resulting PCR amplicons were purified using Agencourt AMPure XP beads (Beckman 
Coulter). Then the purified DNA was indexed using the Illumina Nextera XT 384 
sample Index Kit A-D (Illumina FC-131-1002) in standard PCR conditions with Q5 Hot 
Start High-Fidelity2X Master Mix. After that, Amplicons were pooled in equimolar 
concentration and sequenced with an Illumina sequencer (MiSeq Sequencing System) 
based on the standard protocols.  
Raw sequencing data were quality-filtered and demultiplexed using Trimmomatic, with 
poor-quality sequences trimmed and removed. Subsequently, high-quality sequences 
at 97% similarity were clustered into operational taxonomic units (OTU) using QIIME 
with default parameters, and representative OTU sequences were taxonomically 
BLASTed against Greengenes 16S rRNA database. Finally, an OTU table consisting 
of the taxonomic classification and OTU representative sequences was generated to 
analyze the microbial community structure. α diversity within each sample was 
computed from the normalized data sets and differences in the structure of microbial 
communities were visualized by a heat map using R (ver 3.31, http://www.R-
project.org/) as described previously (Jiang et al. 2016b).  
5.3.6 Linear regression models for assessing the impact of calcium nitrite 
dosages 
Linear regression analysis was performed on the properties of the paste or concrete 
including setting time, w/c for normal consistency, slump, density, compressive 
strength, drying shrinkage and apparent volume of permeable voids (AVPV) against 
calcium nitrite dosages using R (ver 3.31, http://www.R-project.org/). The linear 
regression typically generates the correlation in terms of a straight line which best 
approximates all the individual data points including target and output parameters (Li 
et al. 2019a). The general form of the linear regression is given as Eq. 5.3: 
Ŷ= 𝑎0 + b0n                                                  Eq. 5.3 
Where Ŷ is the model’s output, n is the calcium nitrite dosage (%), and 𝑎0, 𝑏0 are the 
regression coefficients.  
For each property, the significance of the non-zero slope was analyzed using F-test 
by the p value. Then the linear regression models were built based on the data points 
obtained under 5 different dosages (i.e. 0, 1, 2, 3, 4) for the properties with significant 
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non-zero slopes. The coefficients of determination (R2) were employed as the indicator 
to assess the performance of linear regression models.  
5.4 Results and discussion 
5.4.1 Setting time and water demand for normal consistency 
Since setting time is related to the handling time of fresh concrete, a proper dosage is 
critical for the use of calcium nitrite in industrial and commercial applications. In 
sulfate-resistant cement pastes, the initial setting time and final setting time decreased 
due to the addition of calcium nitrite (Figure 5-2A). With higher calcium nitrite dosages, 
higher reductions of initial setting times and final setting times were observed (Figure 
5-2A). In comparison to the control without calcium nitrite, 42% and 36% reduction in 
the mix with 1% calcium nitrite and 58% and 42% reduction in the mix with 2% calcium 
nitrite were observed for the initial and final setting time, respectively. In previous 
studies using OPC, the addition of calcium nitrite at 1% by weight, led to 31% and 16% 
reduction and 2% addition led to 65% and 44% reduction, in initial setting time and 
final setting time, respectively (Berke and Rosenberg 1989). In comparison to those 
previous reports, the different reduction ratios in this chapter might be caused by the 
different cement types. However, a higher accelerating effect due to a higher calcium 
nitrite dosage were observed in both Figure 5-2A and previous studies. For the mix 
with 4% calcium nitrite, the initial setting time and final setting time dropped to c.a. 18 
minutes and c.a. 41 minutes, respectively (Figure 5-2A). Based on the current mix 
design in this study, the higher nitrite dosage (>4%) would lead to very short and 
impractical setting time.  
Through the linear regression analysis, no-zero slopes were confirmed for both initial 
setting (p=0.0067) and final setting time (p=0.0060), respectively. Linear regression 
models were established for both initial setting time (ti, minutes) and final setting time 
(tf, minutes), with the admixed level of calcium nitrite (n, %) (Figure 5-2A). The good 
fitting performance of these models (R2=0.94 in both cases) suggests the potential of 
using the linear regression models for optimizing the calcium nitrite dosage and 
operational procedure for specified setting time.  
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Figure 5-2. Setting time of cement pastes with various nitrite dosages (A); 
water/cement ratio for normal consistency of cement pastes under 5 dosages of 
calcium nitrite (B). 
The w/c needed for normal consistency of control mix (0% calcium nitrite dosage) is 
similar to that of OPC (Elinwa and Mahmood 2002). The addition of calcium nitrite 
significantly reduced the water demand of the mix. For the 4% calcium nitrite admixed 
mix, the w/c needed for normal consistency was reduced from c.a. 0.30 to c.a. 0.28, 
compared with the control mix. This suggests that less water is required for a desired 
consistency with the addition of calcium nitrite. The water demand is one of the most 
important criteria for mix design, which affects the fresh and hardened properties of 
concrete (Turanli et al. 2004). Through linear regression analysis, a non-zero slope 
was confirmed (p=0.024). The linear regression model (R2 =0.86) can be employed to 
adequately determine the w/c for different admixture levels of calcium nitrite (Figure 
5-2B).  
5.4.2 Slump and density  
The slump of fresh concrete significantly increased with the calcium nitrite addition 
(Figure 5-3). Compared with control (0% calcium nitrite), the slump of 4% mix 
increased from c.a. 143 mm to c.a. 253 mm. Previously, slump increases from 75 mm 
to 95 mm and 55 mm to 90 mm, in OPC and blast furnace slag cement, with the 
addition of around 1.8% calcium nitrite by mass of cement, were reported respectively 
(De Schutter and Luo 2004). Another study found that the slump increased from 66 
mm to 91 mm in OPC with the addition of 2% of calcium nitrite by the mass of cement 
(Berke and Rosenberg 1989). The increased slump in Figure 5-3 due to calcium nitrite 
addition is consistent with previous reports. Furthermore, a significant non-zero linear 
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slope was confirmed between the level of calcium nitrite (n, %) and the average slump 
(Slump) through linear regression analysis (p=0.049), and the linear regression model 
described the relationship well (R2 = 0.78) (Figure 5-3). This coincides with the linear 
decreasing trend in the water demand of cement paste to achieve a normal 
consistency under different calcium nitrite dosages (section 5.4.1). Since there are 
different methods for constructing concrete pipes and each method requires different 
workability, there is no specific limitation for the slump in the Australian standard for 
sewage-related infrastructures (AS3735-2001 2011). The slump values measured in 
this study for all five mixes are within the range of normal weighted aggregate concrete 
(Murata 1984). Consistent with the reduced water demand, to achieve a fixed slump, 
less water will be required for the concrete with calcium nitrite as an admixture. 
 
Figure 5-3. Slump and plastic density of concrete with various nitrite levels. 
Through linear regression analysis, a non-zero slope between plastic density and 
nitrite dosage was not significant (p=0.86). Limited variations in plastic density were 
observed between mixes of different calcium nitrite levels (Figure 5-3), suggesting that 
the plastic density was not significantly affected by calcium nitrite addition and its 
dosage. The plastic density of the 3% calcium nitrite mix was slightly lower than other 
mixes, and this is likely caused by the higher air content in the 3% fresh mix. The 
higher air content in the 3% mix, in turn, was most likely due to incomplete 
consolidation resulting from accelerated setting. The plastic density of all five mixes 
was between 2400 kg/m3 to 2500 kg/m3, which is equivalent to that of conventional 
concrete (Vijai et al. 2010). 
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5.4.3 Compressive strength and hardened density 
For most sewer concrete, 50 MPa is the minimum 28-day cylinder compressive 
strength requirement and this was achieved for all the sulfate-resistant concrete with 
added calcium nitrite at 0%, 1%, 2%, 3% and 4% (Figure 5-4). Due to calcium nitrite 
admixture, the compressive strength increased in most of the previous studies (Berke 
and Rosenberg 1989, De Schutter and Luo 2004). However, in some recent studies, 
calcium nitrite showed an adverse impact on the compressive strength at the later 
stage of curing, which might be attributed to the increase of micropore size during the 
hydration process (Malikyar et al. 2018). Through the linear regression analysis, the 
slope between 28-day compressive strength and calcium nitrite dosage was not 
significantly non-zero (p=0.96), suggesting the insignificant impact of calcium nitrite 
addition on the 28-day compressive strength of concrete. The observation is 
consistent with some previous studies (Brown et al. 2001, Kondratova et al. 2003). 
Since the concrete type, curing condition, calcium nitrite dosage and types of other 
admixtures are different in each study, the observation about the insignificant change 
of compressive strength might be limited to the current mix design and curing 
condition.  
 
Figure 5-4. Compressive strength and hardened density of concrete under five calcium 
nitrite dosages. 
The hardened density of all the mixes was in the range of 2400-2500 kg/m3, which is 
similar to most of the concrete manufactured with OPC (De Schutter and Luo 2004). 
Although there was a slight increase of hardened density with a higher nitrite dosage, 
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the non-zero slope between hardened density and calcium nitrite dosage was 
insignificant (p=0.07) (similar to the plastic density) and variations observed between 
mixes of different calcium nitrite levels were limited (Figure 5-4).  
5.4.4 Drying shrinkage and permeable voids 
The addition of calcium nitrite increased the drying shrinkage and higher shrinkage 
was observed with higher doses of calcium nitrite (Figure 5-5A). Through the linear 
regression analysis, the non-zero slope between drying shrinkage and calcium nitrite 
dosage gradually became significant with p values decreasing from 0.063 at day 7 to 
0.045 at day 28, and 0.030 at day 56 (Table A2 in the appendix). In hardened concrete, 
drying shrinkage is the volume of water lost from hardened concrete stored in 
unsaturated air (Neville and Brooks 1987). The increased drying shrinkage especially 
at later stages (after 21 days), suggested a higher volume of water loss from concrete 
due to a higher calcium nitrite dosage. The water lost during drying shrinkage is the 
excess from the mix which does not react with the cement, but is required to aid 
compaction and workability, and becomes trapped in the pores of the hardened 
cement paste (Zhang et al. 2013). As discussed in section 5.4.1, the calcium nitrite 
addition reduced the water demand for cement paste, which in turn increased the 
volume of water that was lost from hardened concrete samples at constant w/c in 
drying shrinkage tests. In addition, due to the acceleration effect caused by calcium 
nitrite, a more porous microstructure of cement paste is likely to be formed during the 
hydration process, which would increase the volume of water loss during the drying 
shrinkage testes (Malikyar et al. 2018). 
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Figure 5-5. Drying shrinkage (A) and apparent volume of permeable voids (AVPV) (B) 
of concrete with different calcium nitrite dosages. For some data points in figure A, the 
error bars are shorter than the height of the symbol and thus are not visible. 
The drying shrinkage observed at day 56 for all five mixes were within a range of 
0.061% to 0.083%. Such results are in line with previous studies where calcium nitrite 
has been used as an admixture (Bae et al. 2002, Li et al. 1999). There is no specific 
requirement for sewer infrastructures in Australia regarding drying shrinkage. 
However, according to the standard regarding concrete structures for retaining liquids, 
the drying shrinkage measured in 56 days should be less than 0.07% (AS3735-2001 
2011). The drying shrinkage of mixes with 3% and 4% of calcium nitrite were both 
about 0.01% above the limit. Due to the evaporation of free water in capillary pores, 
drying shrinkage occurs and this induces the transport of water particles from calcium 
silicate hydrates (C-S-H) to the capillary pores. This circumstance produces internal 
stress, mass loss and consequently volume reduction of the concrete and becomes 
one of the main causes for the cracking of restrained concrete (Gonzalez-Corominas 
and Etxeberria 2016). In this study, the higher drying shrinkage due to calcium nitrite 
addition may increase the potential of cracking. Therefore, for better durability, the 
dosage of calcium nitrite should be optimized to prevent the adverse effects of 
shrinkage.  
For the apparent volume of permeable voids (AVPV), the addition of calcium nitrite 
increased AVPV in a linear pattern. Through linear regression analysis, the non-zero 
slope between AVPV and calcium nitrite dosages (n, %) was significant (p=0.0036), 
and the linear regression model described the data well (R2 = 0.96) (Figure 5-5B). The 
AVPV in hardened concrete is affected by the extra water added in the mix since it 
increases the capillary porosity of concrete (Olivia et al. 2008). The linear increase of 
AVPV with increased calcium nitrite additions is consistent with the reduced water 
demand for cement paste (section 5.4.1) and increased drying shrinkage detected at 
the higher dosages. 
The AVPV increased from 10.0% in the control mix (0% calcium nitrite) to 13.1% in 
the 4% calcium nitrite mix. The AVPV observed for control mix is similar to most of the 
OPC concrete and fly ash blended concrete (Albitar et al. 2017, Pasupathy et al. 
2018). For wastewater infrastructures, the increased AVPV would provide increased 
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access of chloride and sulfate ingress, which may accelerate both steel and concrete 
corrosion. In addition, although there is no specific requirement for wastewater 
infrastructures regarding AVPV, a concrete with AVPV values less than 13% is 
generally classified as good-quality concrete for bridges and roads (VicRoads 2006). 
For the mixes with calcium nitrite dosages lower than 4%, the AVPV were all below 
this limit, suggesting limited pore interconnectivity in the concrete. Extra care should 
be taken on 4% calcium nitrite mix since the AVPV is slightly higher than the general 
limit. 
The AVPV and drying shrinkage results suggest that the addition of calcium nitrite 
affects the cement paste microstructure – possibly increasing the number or size of 
pores in the cement paste (Figure A4). The pore structures have been reported to 
affect the compressive strength, where a lower compressive strength is observed in 
concrete with a higher volume of pore structures (Malikyar et al. 2018). However, the 
compressive strength in this study was not affected by the nitrite admixture (section 
5.4.3). 
5.4.5 Leaching of nitrite from admixed concrete 
The cumulative fraction of leached (CFL) nitrite from concrete cylinders with nitrite is 
reported to be proportional to the square root of leaching time (Liang et al. 2003). 
Therefore, the CFL of the concrete with 1%, 2% and 3% calcium nitrite were calculated 
as functions of t0.5 in Figure 5-6. Except for an initial transient region, an approximately 
linear correlation between the CFL and t0.5 is evident for each specimen, which 
indicates that the leaching of nitrite is dominated by diffusion (Tritthart and Banfill 
2001). The relative slower leaching rate during the initial transient period is commonly 
observed in cylinders with casting surfaces (Liang et al. 2003, Rozière et al. 2009). 
This is attributed to the relatively lower nitrite concentration near the concrete surface 
than the bulk concrete, which was caused by nitrite loss during the curing.  
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Figure 5-6. Cumulative fraction leached (CFL) of concrete with 1%, 2% and 3% 
calcium nitrite as an admixture. 
The slopes of CFL versus t0.5 for all three dosages are similar, suggesting that the 
dosage level doesn’t affect the leaching performance in terms of CFL. The slopes 
ranged from 3.5110-5 sec-0.5 to 3.7110-5 sec-0.5 for all three mixes, which is at the 
same magnitude determined in previous reports using concrete cylinders (Liang et al. 
2003).  The similar slope observed for all these three mixes suggests that in receiving 
water, the concentration of nitrite leached is linearly proportional to the nitrite dosage 
in concrete. Therefore, a higher dosage of calcium nitrite in concrete can induce a 
higher nitrite concentration in receiving water system, which may affect the biofilm 
development in sewer infrastructures.  
5.4.6 Biofilm development on nitrite admixed concrete in wastewater 
The microbial communities were determined for biofilms developed on control 
coupons (0%), 2%, and 4% calcium nitrite admixed coupons after being incubated in 
wastewater for 3 months (N0M3, N2M3, N4M3) and 6 months (N0M6, N2M6, N4M6) 
(Figure 5-7). The microbial development on control coupons represents the normal 
concrete condition in the sewer environment. Shannon index is widely used as an 
indicator for the alpha diversity of samples, to describe the richness and evenness of 
microbial data (Wagner et al. 2018). The Shannon index observed for all the coupons 
was 4.80-5.35, which is similar to that previously observed in sewer biofilms (Jin et al. 
2018). As shown in Figure 5-7, Desulfovibrio, Blvii28 wastewater-sludge group, 
Methanospirillum, Paludibacter, Smithella, Caldisericum, vadinBC27 wastewater-
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sludge group, and Methanosaeta were found to be the top eight genera of microbes 
in the aspect of abundance. All these microbes are commonly detected in anaerobic 
wastewater (Satoh et al. 2009, Sobrieraj and Boone 2005, Walden et al. 2017, Zhang 
et al. 2015).  Desulfovibrio is a typical sulfate-reducing bacteria (SRB) that produces 
sulfide in the anaerobic parts of sewer facilities (Satoh et al. 2009). The phylum 
Latescibacteria is detected in the intestinal tracts of insects and is potentially relevant 
for organic removal in wastewater treatment (Walden et al. 2017). Paludibacter and 
Caldisericum are found in wastewater-related reactors and have the ability of reducing 
sulfur compounds to sulfide in wastewater (Liang et al. 2013, Zhang et al. 2015). 
Methanosaeta and Methanospirillum are methanogens, which are likely facilitating 
methane production (Sobrieraj and Boone 2005). Bacteria of the genus Smithella are 
propionate-oxidizing anaerobes that rely on syntrophic association with methanogens 
(Sobrieraj and Boone 2005). 
 
Figure 5-7. Heatmap summarizing the relative abundances of bacteria (each row 
representing an OTU) in the biofilms collected from the surface of control coupons 
(0%), and on 2%, and 4% calcium nitrite admixed coupons after being incubated in 
wastewater for 3 months (N0M3, N2M3, N4M3) and 6 months (N0M6, N2M6, N4M6). 
The relative abundance is defined as a percentage in total effective microbial 
sequences in a sample. Reads that could not be classified are collectively referred to 
as ‘unclassified’. 
From the 3rd month to 6th month, the Shannon index of each coupon decreased slightly, 
from 5.35 to 5.02, from 5.30 to 5.16 and from 5.33 to 4.80 for the control, 2%, and 4% 
calcium nitrite coupons, respectively. The relative abundance increased for most of 
the microbes including Blvii28 wastewater-sludge group, Methanospirillum, 
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Paludibacter, Smithella, Caldisericum and the phylum Latescibacteria after 6-month 
incubation. This observation is consistent with the reduction of the Shannon index, 
suggesting the reduced diversity of biofilms and the stabilization of abundant microbes 
(Jin et al. 2018). After the same incubation time (3 months or 6 months), the Shannon 
index of nitrite coupons were lower than the control coupons. This implies that nitrite 
in concrete is a selective factor influencing the microbes that grow on the surface of 
admixed concrete.  
After the first three months, the relative abundances of Caldisericum on nitrite coupons 
were 45.8% and 58.3% higher, for N2M3 and N4M3, respectively, compared with 
control coupons. Similarly, after 6 months of incubation, the relative abundance of 
Caldisericum was still 19.2% higher on N4M6 than the control. The genus 
Caldisericum contains only a sole cultured species, Caldisericum exile, isolated from 
a hot spring. The isolate is characterized as sulfur-reducing bacteria (SRB), which can 
reduce thiosulfate and elemental sulfur but not sulfate (Mori et al. 2009). Some SRB 
are reported to have a nitrite reductase as a detoxification mechanism to survive in 
environments containing nitrite (Gao et al. 2016). However, the gene for this nitrite 
reductase was not evident on the genome of Caldisericum exile. The reason for the 
increased relative abundance of this SRB in the presence of nitrite is not evident. 
However, in a previous study, nitrite is seen to stimulate biological sulfide oxidation 
within sewer biofilms under anaerobic conditions (Mohanakrishnan et al. 2008). This 
causes increases in the formation of the intermediate sulfur compounds (i.e. elemental 
sulfur and thiosulfate), through the partial oxidation of sulfide (Mohanakrishnan et al. 
2008). Thus, a possibility here is that the increased abundance of Caldisericum, in the 
presence of released nitrite, is related to the increased availability of these 
intermediate sulfur-based substrates.   
The relative abundance of Methanosaeta on N4M3 was 40.5% higher than the control 
biofilm. In some recent studies, Methanosaeta is found as the dominant methanogen 
in anaerobic reactors with nitrite, where methanogenesis and denitrification were 
simultaneously occurring (Allegue et al. 2018). This suggesting that Methanosaeta has 
some tolerance to nitrite, leading to its increased abundance in N4M3. However, after 
the longer incubation, the impact of nitrite on the abundance of Methanosaeta became 
insignificant (N4M6).  
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No significant difference was detected between control coupons and nitrite coupons 
for the relative abundance of Desulfovibrio, Methanospirillum, Paludibacter, 
Latescibacteria and Smithella after the 3 and 6 month incubations. In previous studies, 
the biocidal/inhibitory effect of nitrite for SRB and methanogens has been observed in 
sewer biofilms due to the formation of free nitrous acid (FNA), the protonated form of 
nitrite (Jiang et al. 2011b, Jiang et al. 2013). For SRB and methanogens, at parts per 
billion (ppb) level, FNA inhibits the microbial metabolism and becomes a strong 
biocidal agent, at parts per million ppm levels (Jiang et al. 2011b, Jiang et al. 2013). 
Based on the leaching performance of nitrite (section 5.4.5), the maximum 
concentration of FNA in wastewater (pH=7) is excepted to be around 0.24 ppb and 
0.48 ppb for 2% and 4% coupons respectively. The microbial community analysis of 
coupon biofilms suggested that these levels of FNA had no inhibitory effect on the 
SRB and methanogens. In contrast, the presence of Caldisericum was temporarily 
stimulated in the nitrite admixed concrete, possibly due to the formation of thiosulfate 
and elemental sulfur through nitrite oxidation of sulfide (Jiang et al. 2009). Overall, the 
influence of the nitrite admixture in concrete on the long-term development of sewer 
biofilms was negligible. 
5.5 Conclusions  
This study investigated the feasibility of adding calcium nitrite as an admixture into 
sulfate resistant cement for wastewater structures. Based on the results, the following 
conclusions are drawn: 
 The addition of calcium nitrite increased the setting time of paste, the slump, 
the drying shrinkage, and the AVPV of sulfate-resistant concrete. The addition 
reduced the water demand of the paste to achieve normal consistency. The 
properties of paste and concrete change with calcium nitrite dosages were 
linear relationships. A nitrite dosage of less than 4% is recommended to 
minimize the negative impacts on concrete mechanical properties. 
 The compressive strength, the plastic density and the hardened density of 
concrete were not affected by calcium nitrite addition and they meet the 
requirement to be used for sewer structures. 
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 The cumulative fraction of leached nitrite is dominated by diffusion, which can 
be described as a linear function of t0.5. The CFL is independent of the dosage 
of calcium nitrite. 
 The microbial community on admixed concrete surfaces reached comparable 
states to non-admixed concrete after 6 months, although some SRB such as 
Caldisericum was temporarily stimulated by nitrite from admixed concrete in 
sewage cultivation. 
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Chapter 6   Increased resistance of nitrite-admixed 
concrete to microbially induced corrosion in real sewers 
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6.1 Abstract 
This chapter reports and demonstrates a novel and promising effective solution to 
attenuate the corrosion in sewers by using calcium nitrite admixed concrete. This 
strategy aims to suppress the development and activity of corrosion-inducing 
microorganisms with the antimicrobial free nitrous acid which is generated in-situ from 
calcium nitrite that is added to the concrete. Concrete coupons with calcium nitrite as 
an admixture were exposed in a sewer manhole together with control coupons, that 
had no nitrite admixture, for eighteen months. The corrosion process was monitored 
by measuring the surface pH, corrosion product composition, concrete corrosion loss 
and the microbial community on the corrosion layer. During the exposure, the 
corrosion loss of the admixed concrete coupons was about 30% lower than that of the 
control coupons. The sulfide uptake rate of the admixed concrete was also about 30% 
lower, leading to a higher surface pH (0.5-0.6 unit) in comparison to the control 
coupons. A negative correlation between the calcium nitrite admixture in concrete and 
the abundance of sulfide oxidizing microorganisms was determined by DNA 
sequencing. The results obtained in this chapter demonstrated that this novel use of 
calcium nitrite as an admixture in concrete is a promising strategy to mitigate the 
microbially induced corrosion in sewers. 
6.2 Introduction 
As discussed in literature review (chapter 2), current strategies for sewer corrosion 
control can be divided into 4 types: (1) preventing H2S production and partition from 
sewer liquid phase through use of chemical dosing agents that include Mg(OH)2, iron 
salts, hydrogen peroxide, and nitrate, etc. (Ganigue et al. 2011, Gutierrez et al. 2008, 
Jiang et al. 2013); (2) collecting sewer air through active ventilation and treating the 
sewer gas using gas treatment units (i.e. physical adsorption, chemical scrubbing, 
etc.) (Jiang et al. 2017, Parande et al. 2006, Shammay et al. 2016); (3) applying 
surface treatment/coating to existing sewers surfaces using epoxy and silver-loaded 
zeolite, etc.(De Muynck et al. 2009); and (4) increasing the corrosion resistance of 
concrete by adding alternative binders of cement, like fly ash and silica fume, and 
alternative aggregates like ground limestone for new concrete sewers (Chang et al. 
2005, Fisher et al. 2008, Roy et al. 2001). All these strategies have positive and 
negative aspects. The first two strategies require continuous chemical dosing or 
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operational efforts to achieve an effective corrosion control. This incurs continual and 
substantial costs of the chemicals and operations. The surface treatment and coating 
strategies are temporary approaches that need regular reapplication that causes 
disruption to the sewer operation and hefty costs. The addition of alternative binders 
and aggregates mainly reduces the cement paste structure loss caused by the acid 
attack. However, insignificant improvements in corrosion resistance were seen to 
occur in conditions of acidic corrosion when alternative binders were added to the 
concrete (De Muynck et al. 2009). Since the microbial process plays a critical role in 
the corrosion process, a potential approach to control the corrosion is using an 
antimicrobial agent as an admixture in the concrete. Sodium tungstate and metal 
nickel additions appeared effective to control the corrosion of a cement bar exposed 
to 28 ppm H2S gas (Negishi et al. 2005). However, the application of such agents may 
be impractical. Sodium tungstate is toxic to fish and potentially be involved in cancer 
development and cause other deleterious human health problems (Strigul et al. 2010). 
Metal zeolites and antimicrobial fibers have been added into concrete as antimicrobial 
agents. However, corrosion protective effects were not reported for these concrete 
additions (De Muynck et al. 2009). Calcium aluminate cement (CAC) have shown up 
to 6 times higher corrosion resistance than ordinary Portland cement (OPC) based 
concrete in sewers (Alexander and Fourie 2011, Kiliswa 2016). Recent studies 
revealed this higher corrosion resistance is attributed to the higher acid neutralization 
capacity, the formation of an aluminum hydroxide gel under acid attack and possible 
bacteriostatic effect due to the higher Al content (Grengg et al. 2018). Nevertheless, 
the use of CAC concrete was limited as CAC concrete was not resistant in highly acidic 
conditions (pH 1–2) (Herisson et al. 2014). Although several investigations have found 
a high acid resistance and potential antimicrobial properties in geopolymer concrete, 
there is no record of research evaluating the performance of geopolymer concrete 
related to MICC environments (Grengg et al. 2018). As such, there is need to develop 
a long-lasting, effective and environmentally friendly antimicrobial agent to be added 
into concrete for the MICC control. As such, there is need to develop a long-lasting, 
effective and environmentally friendly antimicrobial agent to be added into concrete 
for the MICC control.  
In a recent work, a significant inhibitory effect on SOM microbial activity was observed 
after a nitrite solution was sprayed onto a corroding concrete surface.  Consequently, 
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no recovery of the SOM microbial activity occurred on that concrete surface after a 
further year of exposure to 50 ppm H2S (Sun et al. 2015). This research suggests that 
FNA can be used as a strong biocidal agent for MICC control. Importantly, the 
application of nitrite to the sewer would have limited if any environmental and health 
concerns, as it is regularly used as a substrate for denitrifying organisms in wastewater 
systems (Glass and Silverstein 1999). However, nitrite spraying would still require a 
regular reapplication to the concrete surface. Therefore, one potential solution is to 
add nitrite into the concrete as an admixture during manufacture for new sewer 
installations. Then when the initiation of corrosion commences, the pH of concrete will 
decrease from c.a. 13 to below 3. The on-going corrosion will release nitrite to the wet, 
acidic concrete surface to cause a continuous formation of FNA. This admixture 
approach could potentially provide a long-lasting supply of FNA to continually inhibit 
the corrosion-inducing microorganisms.  
This thesis aims to investigate the effectiveness of using calcium nitrite admixed 
concrete to mitigate the concrete corrosion in real sewers.  In this chapter, a field 
exposure was carried out through exposing concrete coupons, with and without the 
calcium nitrite addition, in a manhole of a real gravity sewer pipe. The corrosion 
development of coupons and environmental conditions inside the manhole were 
monitored over eighteen months. The results obtained provide a detailed evaluation 
of the effectiveness of nitrite admixed concrete on MICC mitigation under real sewer 
conditions. 
6.3 Materials and methods 
6.3.1 Concrete mix design and coupon preparation  
The concrete mix for the coupons was designed in compliance with the Australian 
standard (AS2972) (2010) as describe in chapter 5. The concrete mix without calcium 
nitrite in chapter 5 was used for control coupons in this chapter. For the nitrite concrete 
coupons, calcium nitrite (Ca(NO2)2) solution (30 wt. % in H2O, Sigma-Aldrich) was 
added according to the mix design in chapter 5 to achieve a calcium nitrite level at 4% 
of the cement by weight. 
Both the control and nitrite coupons were cast with dimensions of 100 mm (length) 
×70 mm (width) ×50 mm (depth). After casting, the control and nitrite coupons were 
cured in moist air for 24 hours and then in lime-saturated water for 28 days separately 
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to avoid cross-contamination. After retrieval from the curing tank, the coupons were 
dried in an oven (Thermotec 2000, Contherm) at 60 ºC for 7 days to achieve a similar 
and stable initial water content (Joseph et al. 2012). One control coupon and one nitrite 
coupon were then embedded as a pair, using epoxy (FGI R180 epoxy & H180 
hardener), in a stainless-steel frame and then enclosed with one surface exposed to 
the sewer air (Figure A5 in the appendix). The stainless-steel frame provides a 
reference point for determining the change in the coupon thickness due to corrosion 
(Jiang et al. 2014a). To accelerate the initiation of corrosion, 4 mL of 10 wt. % sulfuric 
acid was sprayed evenly on the surface of each coupon using a mist sprayer for 
achieving a neutral pH. After acid treatment, 10 mL of domestic wastewater, collected 
from a sewer wet well in Brisbane, Australia, were evenly sprayed on each coupon 
using a hand pump sprayer for the inoculation of microorganisms. The wastewater 
typically contained dissolved sulfide at concentrations of <3 mg-S/L, sulfate at 10-25 
mg-S/L, total chemical oxygen demand (COD) and soluble COD at 450-600 mg/L and 
260-450 mg/L, respectively, with the latter including volatile fatty acids (VFAs) at 50-
120 mg-COD/L. 
6.3.2 Corrosion tests and environmental conditions of the field site 
A manhole located 1050 m downstream of the CO16 pumping station in the Gold 
Coast, Australia (Google map latitude and longitude coordinates: -27.8, 153.3) was 
chosen for the coupon-exposure study (Figure 6-1A). The annual mean atmospheric 
temperature at the site is between 17.3 C and 25.3 C and the mean annual rainfall 
is 1341.2 mm (http://www.weatherzone.com.au). The manhole receives the domestic 
wastewater from the discharge well of the CO16 pumping station, and also collects 
domestic wastewater from nearby residential properties (Figure 6-1A). The diameter 
of the manhole is approximately 1.5 m, with a depth of around 2 m. The hydraulic 
retention time (HRT) of the upstream rising main and the upstream gravity pipes is 4.1 
hours and 0.2 hour, respectively. The mean and 90th percentile gaseous H2S 
concentration inside the manhole is 18.4 ppm and 37.8 ppm, respectively. This 
manhole is five years old but is heavily corroded (Figure A6 in the appendix), which 
provides a heavily corrosive environment for the corrosion tests of coupons.  
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Figure 6-1. A map of the CO16 sewage pumping station and the downstream gravity 
pipes with the manhole used for the field study located in the yellow circle (A); and a 
cross-section diagram of the experimental setup including coupons and the supporting 
mesh platform inside the manhole (B). The coupons located in the center of the 
manhole were labeled as ‘Center’ in the figure and the coupons placed next to the 
sidewall were labeled as ‘Side’.  
To prevent the accidental drop of coupons and provide the same horizontal exposure 
level for all the coupons, one supporting platform (made of stainless-steel mesh) was 
installed on the bottom bench of the manhole (Figure 6-1B). Twelve pairs of coupons 
were placed individually on the stainless-steel mesh. In order to represent all the 
conditions of the manhole, half of the coupons were positioned in the center of the 
manhole and the other half were located near the sidewall.  
Every three months during the field exposure (January, 2018 – July, 2019), one pair 
of coupons (including one control coupon and one nitrite coupon) were retrieved from 
the center and the side locations for detailed analysis as described in section 6.3.3-
6.3.6. The H2S concentrations and temperature of the manhole were monitored 
continuously for one week every three months, using a H2S sensor (App-Tek 
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OdaLog® Logger L2, detection range of 0-200 ppm). The relative humidity (RH) of the 
manhole was measured during the sampling events every three months using a hand-
held humidity meter (HM70, Vaisala, Australia).   
6.3.3 H2S uptake rate 
Coupons retrieved from the manhole were sealed in a container with 100% RH and 
transported to the laboratory for the measurement of H2S uptake rates (SUR) as 
previously described (Sun et al. 2014). Briefly, coupons were placed into a sealed 
reactor with 100% relative humidity. H2S gas was generated and injected into the 
reactor to achieve a gaseous concentration of around 60 ppm. The H2S concentration 
in the reactor was then monitored continuously using a H2S detector (App-Tek 
OdaLog® Logger L2, the detection range of 0-200 ppm) until the gaseous H2S 
concentration dropped to around 40 ppm. The average SUR of the coupons at 50 ppm 
was then calculated from 3 to 5 replicate measurements using the monitored H2S 
profiles. 
6.3.4 Surface pH and chemical analysis 
The concrete surface pH of each coupon was measured by a flat surface pH electrode 
(RapidRH® potable pH kit, Wagner). The average value was calculated based on six 
independent measurements at different locations of each coupon.  
In order to determine the sulfur species and their concentrations on the concrete 
surface, the corrosion products on the exposure surface were sub-sampled from a 
known surface area (4 independent locations) of each coupon using a scalpel. After 
collection, the corrosion products were dispersed into sulfide anti-oxidant buffer 
solution and then measured using ion chromatography (Dionex ICS-2000) for 
dissolved inorganic sulfur compounds. For elemental sulfur analysis, corrosion 
products collected from a known surface area (4 independent locations) were treated 
to convert elemental sulfur to thiosulfate, which was then determined using ion 
chromatography (Dionex ICS-2000) (Jiang et al. 2009). 
6.3.5 Microbial community in corrosion layers 
To monitor the biofilm development on the concrete coupons, corrosion layer from a 
known area (4 independent locations) from each coupon were collected with a sterile 
surgical scalpel into a sterile 50 mL polypropylene falcon tube. The corrosion layer 
samples were taken from coupons every six months and were stored at 4 °C for less 
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than 24 h. Following that the DNA was extracted as previously described (Li et al. 
2019b). Briefly, the cells were separated from the corrosion products using a sucrose 
density gradient and then used for DNA extraction using Fast DNATM SPIN Kit for Soil 
(MP Biomedicals, CA, USA) according to the manufacturer’s instructions. The 
universal primer set 926F (5’- AAACTYAAAKGAATTGACGG-3’) and 1392R (5’-
ACGGGCGGTGTGTRC-3’) were used to generate the 16S rRNA gene amplicons by 
PCR of the extracted DNA. Barcoded library construction and paired-end sequencing 
were carried out on an Illumina MiSeq platform (Illumina, USA) at the Australian Centre 
for Ecogenomics (Brisbane, Australia). 
Raw sequencing data were quality-filtered and demultiplexed using Trimmomatic, with 
poor-quality sequences trimmed and removed. Subsequently, high-quality sequences 
at 97% similarity were clustered into operational taxonomic units (OTU) using QIIME 
v1.8.0 (Quantitative Insights Into Microbial Ecology) with default parameters, and 
representative OTU sequences were taxonomically BLASTed against the Greengenes 
16S rRNA database. Finally, an OTU table consisting of the taxonomic classification 
and OTU representative sequences was produced.  
α diversity within each sample was computed from the normalized data sets and 
differences in the structure of microbial communities were visualized by a heat map 
using R (ver 3.31, http://www.R-project.org/) as described previously (Jiang et al. 
2016b). Rarefaction curves of samples and Pearson's correlation were calculated 
using R.  
6.3.6 Corrosion loss 
After all the measurements mentioned above, the exposed surfaces of concrete 
coupons were washed using a high-pressure washer (Karcher K 5.20 M). The 
corrosion loss from the surface of each coupon was calculated based on the point 
mesh generated before and after exposure, using a photogrammetry approach (Jiang 
et al. 2015b, Wells et al. 2009). 
6.4 Results and discussion 
6.4.1 Exposure conditions within the manhole 
Seasonal variations were observed of the H2S concentration and temperature during 
the exposure in the manhole (Figure 6-2A). As expected, temperature profiles 
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recorded in winter (month 6, 9, 18) were on average about 5 °C lower than the summer 
temperatures (month 3, 12 and 15). In the exposure period, the average gaseous H2S 
concentrations in the summer periods (month 3 and 15, the 12 month measurement 
was not available) were about 8 ppm higher than the winter values (month 6, 9 and 
18) (Figure 6-2A). A broader range of H2S concentrations was observed in summer (0 
ppm- c.a. 60 ppm) than in winter (0 ppm- c.a. 40 ppm) (Figure 6-2B). During the whole 
exposure time, the relative humidity in the sewer atmosphere was close to saturated 
(Figure 6-2A). 
 
Figure 6-2. The profile of gaseous H2S concentrations, temperature and relative 
humidity during the 18-months exposure in the manhole (A). The temperature and 
relative humidity were shown as line charts and H2S concentrations were shown as 
box and whiskers plots. The middle line of the box represents the median; the upper 
and lower lines represent the 25th and 75th percentile; the whiskers extending the box 
and the outliers represent the data outside the inter quartile range. And typical diurnal 
profiles of gaseous H2S concentration (Winter H2S and Summer H2S) and temperature 
observed in winter and summer (Winter-T and Summer-T) (B). 
The average H2S levels are normally lower in the winter than in the summer in gravity 
sewers. This is likely due to the lower SRB activity and the lower mass transfer ratio 
of H2S from wastewater into the sewer air in winter (Kitagawa et al. 1998, Wells and 
Melchers 2015). In this exposure tests, the manhole not only receives the wastewater 
from rising main discharge but also collects domestic wastewater directly from 
residential properties (Figure 6-1A). The seasonal difference in household water 
usage influences the H2S profiles. In the typical diurnal profiles, higher fluctuation 
frequency and range were observed in summer than in winter (Figure 6-2B). In winter, 
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several peaks of around 40 ppm H2S occurred at around 8:00 am and 20:00 pm. In 
the summer there were frequent H2S fluctuations in the range of 0- 40 ppm occurring 
throughout the whole day and major peaks of around 60 ppm were observed at 20:00 
pm. These high peaks are consistent with the average daily diurnal water demand 
pattern for households (Carragher et al. 2012). Unlike the H2S concentrations, the 
temperature inside the manhole showed little variation, which were 21.7±0.4 and 
26.2±0.2 °C for winter and summer, respectively (Figure 6-2B). In real sewers, larger 
ranges of fluctuations in H2S concentrations and relatively stable temperature are 
commonly observed in diurnal profiles. The standard deviation can be above 100 ppm 
for H2S concentration but only around 1 C to 5 C for temperature in sewers in 
Australia (Wells and Melchers 2015). The environmental conditions observed in the 
manhole are typical of real sewers, which are suitable for the development of corrosion 
on concrete coupons for tests in this chapter. 
6.4.2 Surface pH and sulfur species 
Before the exposure period in the manhole, the pH of all the coupons were around 6-
7 due to the acid pretreatment (Figure 6-3A, B). This pH condition of the concrete 
surfaces skips the initiation stage of corrosion, where various chemical and microbial 
transformation occur to lower the surface pH from around 10 to near neutrality, and 
allow a quicker development of corrosion-inducing microorganisms (Joseph et al. 
2012). After the first three to six months, the pH of all the coupons dropped to 3-4 
(Figure 6-3A, B). The surface with such a low pH is favorable for the colonization of 
acidophilic sulfide oxidizing microorganisms (ASOM) and is regarded as an indicator 
for the coupons reaching the active corrosion stage (Okabe et al. 2007, Parker 1945a).  
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Figure 6-3. Surface pH of nitrite admixed concrete and control concrete exposed in 
the center of the manhole (A) and near the sidewall (B); sulfur species and content in 
the corrosion layer of nitrite admixed concrete and control coupons exposed in the 
center of the manhole (C) and near the side wall of the manhole (D); pH difference (E) 
and sulfate reduction ratio (F) between nitrite admixed concrete and control coupons 
at two locations during 18 months. NC and NS are nitrite admixed concrete exposed 
in center and near the sidewall of the manhole, respectively. CC and CS are control 
concrete exposed in center and near the sidewall of the manhole, respectively. Error 
bars for pH difference and sulfate reduction ratio are the standard deviation calculated 
from the pH difference and sulfate reduction ratio at each sampling time (3, 6, 9, 12, 
15, and 18 month), respectively.  
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During the exposure, the surface pH decreased clearly and reached 2-3 after 18 
months, suggesting a continuous acid production and the subsequent neutralization 
of alkaline cement materials on all the coupons. Although the decreasing trend was 
observed for all the coupons, higher pH readings were clearly observed on nitrite 
admixed concrete in comparison to the control concrete. For coupons exposed in the 
center part, the pH of nitrite admixed concrete (NC) was 0.48±0.19 unit higher than on 
the control coupons (CC) during the whole exposure period (Figure 6-3E). Similarly, 
for coupons exposed near the sidewall, the pH of nitrite admixed concrete (NS) was 
0.67±0.10 unit higher than control coupons (CS) during the exposure period (Figure 
6-3E). The higher pH on nitrite coupons suggests a reduced acid production activity 
on the surface of nitrite admixed concrete. In previous studies, the surface pH of 
concrete coupons dropped from c.a. 8 to 2-4 after 18 months and six to eighteen 
months exposure in a real sewer and in laboratory corrosion chambers, respectively 
(Jiang et al. 2014a, Wells and Melchers 2015). The trends in decreasing surface pH 
observed here are similar to those detected in previous reports, suggesting the 
changes on the coupons are consistent with what occurs during corrosion of real 
sewer concrete. 
Due to the acid neutralization capacity of concrete, pH change on the concrete surface 
is not linear to the amount of acid reacted (Li et al. 2019b). Since H2S is the main 
source for acid production, pH is usually assessed together with the content of sulfur 
species in corrosion layers to quantitatively compare the corrosion development. In 
this exposure test, during the corrosion, significant levels of sulfate were observed and 
some elemental sulfur was detected (Figure 6-3C, D). These sulfur species and their 
levels are consistent with previous observations in MICC, where sulfate is the main 
product from biological sulfide oxidation (Cayford et al. 2017 , Okabe et al. 2007). For 
both types of coupons, the sulfate content increased with the exposure time, excluding 
a sudden drop on the 15th month for NS and CS coupons. This disparate 15 month 
detection of sulfate content was caused by loose corrosion products falling off the 
coupon surfaces (Figure A7 in the appendix). The sulfate content of all the coupons 
reached to between 50-100 g-S/m2 after 18 months (Figure 6-3C, D). This is the same 
level detected on pre-corroded concrete after 12-24 months exposure to 50 ppm H2S 
in laboratory chambers (Jiang et al. 2014a). Consistent with the pH results, the sulfate 
content of NS and NC was 37.1±16.0% and 25.2±12.5% lower when compared to CS 
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and CC, respectively during the 18-month exposure period (Figure 6-3F). The lower 
sulfate content, along with the higher pH observed implies that reduced sulfuric acid 
production through biological sulfide oxidation have occurred on the nitrite admixed 
concrete. 
Additionally, in terms of the two locations inside the manhole, from the 3rd month to 
the 18th month, the pH of NC and CC coupons were c.a. 0.7 and c.a. 0.4 unit lower 
than NS and CS coupons, respectively (Figure 6-3A, B). Consistent with the lower pH, 
around 51.7± 24.0% and 34.0± 23.8% higher sulfate content was observed in NC and 
CC, respectively (Figure 6-3C, D). It suggests that the development of corrosion was 
faster on the center coupons than the coupons near the sidewall. During the exposure, 
all the coupons in the manhole were allocated at the same height inside the manhole, 
and the range, peak and fluctuation condition of gaseous H2S concentrations and 
temperature were identical at these two locations (i.e. center and side) (Figure A8 in 
the appendix). However, at the same height, the coupons in the center are more 
susceptible to wastewater splash. Biological sulfide oxidation on concrete surfaces is 
usually enhanced by wastewater due to the high moisture, microbial inoculation and 
supply of nutrients coming from wastewater (Jiang et al. 2016b). It is likely that the 
faster development of corrosion on the coupons exposed in the center of the manhole 
was caused by the wastewater splash, which is consistent with the observed severer 
corrosion on the bench of the manhole (in the center) than the sidewall of the manhole 
(Figure A6 in the appendix).  
6.4.3 H2S uptake activity 
Sulfide uptake rate represents the sulfide oxidizing activity on the concrete surface, 
which is commonly used as an indicator of the corrosion development and the activity 
of SOM. In this chapter, the SUR of all the coupons increased gradually with the 
increase of exposure time for both control and nitrite coupons (Figure 6-4 A, B). After 
6-9 months, the SUR of all the coupons reached and gradually became stable at 200-
400 mg-S/m2 h. This SUR level is similar to the levels achieved by coupons after 500 
days exposure in a laboratory chamber under 25 ppm H2S, and suggests that the 
coupons have reached the active corrosion stage caused by the development of SOM 
(Jiang et al. 2016b). During the whole exposure period, 28.3±5.7% and 31.7±11.4% 
reductions were observed in SUR of nitrite coupons in comparison with control 
coupons near the sidewall and in the center of the manhole, respectively. The reduced 
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SUR on nitrite coupons is consistent with the higher pH and reduced sulfate content 
on nitrite coupons in comparison to control coupons.  It suggests that, although the 
corrosion develops on the surface of both types of concrete, the sulfide oxidizing 
activity was less on the nitrite admixed coupon’s surfaces due to the nitrite admixture 
inside the concrete. In addition, the SUR achieved on the coupons in the center (NC 
and CC) were also slighter higher than the coupons near the sidewall (NS and CS) 
during the exposure period. These observations are consistent with the lower pH and 
higher sulfate content observed on the coupons in the center, as discussed in section 
6.4.2 and it is likely due to the higher chance of wastewater splash in the center of the 
manhole. 
 
Figure 6-4. Sulfide uptake rates of concrete coupons exposed in the center of the 
manhole (A) and near the sidewall of the manhole (B). 
6.4.4 Corrosion loss 
The corrosion development ultimately leads to the mass loss of concrete. The 
corrosion loss was determined over 5 time points (i.e. 6, 9, 12, 15, 18 months) within 
the 18 months exposure period for both control coupons and nitrite coupons in the two 
locations (near the sidewall and in the center). The average corrosion loss was c.a. 2 
mm/year to c.a. 3 mm/year for the control coupons (Figure 6-5), which is at the same 
magnitude as the corrosion loss observed in real sewers in Australia and in the 
concrete cut from real sewer pipe exposed in laboratory chambers with 25 and 50 ppm 
H2S (Jiang et al. 2014a, Jiang et al. 2016b, Wells and Melchers 2014). This further 
supports that the control concrete used in this study and the exposure conditions 
represent the real sewer concrete and typical sewer conditions. Most importantly the 
nitrite admixed coupons showed 33.6±18.4% and 31.8±11.7% lower corrosion loss for 
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NS and NC coupons in comparison to CS and CC coupons, respectively (Figure 6-5). 
Since the corrosion loss is caused by the reaction between the alkaline concrete and 
the acid generated from H2S oxidation, the observed reduction of corrosion loss on 
nitrite coupons is consistent with the higher pH, lower sulfate content in the corrosion 
layer and lower SUR observed on the nitrite coupons, as discussed in above sections. 
 
Figure 6-5. Box and whiskers plots of the corrosion loss of nitrite coupons and control 
coupons exposed near the sidewall and in the center of the manhole. The middle line 
of the box represents the median, the upper and lower lines represents the 25th and 
75th percentile; the whiskers extending the box represent the data outside the inter 
quartile range. Corrosion loss measured at each sampling points are shown as 
individual dots. 
In terms of these two locations, the corrosion loss of coupons exposed in the center 
of the manhole was about 1 mm/year higher than the coupons exposed near the 
sidewall of the manhole for both nitrite coupons and control coupons (Figure 6-5). This 
higher corrosion loss is clearly supported by the lower pH, higher SUR and higher 
sulfate content observed (presented in the sections above). As discussed already, 
coupons in the center are more likely affected by the wastewater splash, which 
enhances the MICC (Jiang et al. 2016b). 
In addition, the corrosion process is also affected by the pore structure/porosity of 
concrete as the pore structure provides access of corrosive chemicals (i.e. sulfate, 
H2S) (Grengg et al. 2018).  Previously, an increased expansion (corrosion) has been 
observed with concrete immersed in sulfate solutions, due to the higher porosity 
caused by calcium nitrite admixture (Li et al. 2000). In this study, although the 
mechanical properties of control and nitrite admixed concrete met the sewer 
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requirement, the apparent volume of permeable voids (AVPV), an indicator for 
permeable pore structures,  increased from 10.0% in the control concrete to 13.1% in 
the nitrite admixed concrete (chapter 5). It is thus possible that the corrosion process 
could be accelerated in the nitrite admixed concrete due to the higher APVA in this 
study. However, in this study, the biological production of sulfuric acid was the main 
source for the corrosion, unlike the immersion tests using sulfate solution in previous 
reports. The reduced sulfide oxidizing activity of SOM due to the calcium nitrite 
admixture likely surpassed the adverse impact of the higher AVPV on calcium nitrite 
admixed concrete.  However, the potential impact of the higher AVPV in the nitrite 
admixed concrete needs future investigations, especially for the initiation stage of 
corrosion, where the dissolution of H2S plays the major role. Furthermore, the 
chemical oxidation of H2S and initial development of SOM also occur in the initiation 
stage. Although nitrite can oxidize hydrogen sulfide chemically, it may be limited in 
comparison to that by oxygen on the concrete surface. This study aimed at mitigating 
the MICC, thus the potential abiotic role of nitrite on H2S oxidation was not 
investigated. The oxidation of H2S on the concrete in presence of nitrite, and the early 
development of SOM requires further investigations. 
6.4.5 Microbial community in the corrosion layers 
The microbial communities were determined for biofilms developed on nitrite coupons 
and control coupons after exposure of 6, 12 and 18 months near the sidewall of the 
manhole (NS6, CS6, NS12, CS12, NS18, CS18) and in the center of the manhole 
(NC6, CC6, NC12, CC12, NC18, CC18). Rarefaction curves of all twelve samples 
reached asymptotic states, indicating that the sequencing effort covered the majority 
of the bacterial diversity in all the samples (Figure A9-A11 in the appendix). Species 
richness (Chao1), diversity (Shannon index) and evenness (Pielou’s index) of the 
samples from all the coupons (Table A3 in the appendix) were within a similar range 
of these samples reported in previous studies from real sewers, which is supportive 
that the coupons are a good representation of the real sewers (Pagaling et al. 2014).  
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Figure 6-6. A heatmap summarizing the percent relative abundances of bacteria (each 
row representing an OTU) in the corrosion layer samples of the different coupons (A); 
and pairwise Pearson’s correlation plot between environmental parameters and the 
top 14 abundant genera in the corrosion layer samples. Color and size of the circles 
indicate the strength of the Pearson’s correlation coefficient (bigger circle= stronger 
link; blue color= positive correlation, and red color= negative correlation) (B).  
The most abundant genera detected in the corrosion layer samples during the 18-
month exposure were Ralstonia, Bradyrhizobium, Thiobacillus, Acidithiobacillus, 
Ferroplasma, Caulobacter, Microbacterium, Mycobacterium, Fungi, Sulfobacillus, 
Acidiphilium, Thermoplasma and Sediminibacterium (Figure 6-6A). Potentially the 
Acidithiobacillus, Thiobacillus, Mycobacterium, Sulfobacillus and Acidiphilium 
detected here are capable of sulfide oxidation and production of acid. While the 
Ferroplasma, Microbacterium and Fungi detected are likely acting to scavenge organic 
exudates from the microbial biofilm (Jiang et al. 2016b, Li et al. 2017, Nica et al. 2000, 
Rohwerder and Sand 2007). 
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To distinguish the impact of different factors (nitrite admixture, location, exposure time) 
on the microbial community, the ecological indices (i.e. Chao1, Shannon index and 
Pielou’s index) and relative abundance of each genus were correlated against the 
environmental factors (Location, Nitrite, Time) using the Pearson’s correlation test 
(Figure A12 in the appendix, Figure 6-6B). Nitrite admixture showed strong negative 
correlations with all the ecological parameters (Figure A12 in the appendix), 
suggesting the potential inhibitory effect of calcium nitrite on the corrosion inducing 
microorganisms, which reduced the diversity, richness and evenness of the biofilm in 
the corrosion layer. This is consistent with the idea that the nitrite is causing more 
selective conditions for microorganism development. 
Negative correlations (lower abundance) of Acidithiobacillus, Thermoplasma, 
Ferroplasma, Fungi, Sulfobacillus and Acidiphilum with nitrite admixture were 
observed (Figure 6-6B). As discussed above, these microbes contribute to the 
corrosion process by either oxidizing the H2S or scavenging organic exudates from 
microbial development. These negative correlations were especially strong for the 
known acidophilic SOM, Acidithiobacillus, Sulfobacillus and Acidiphilum (Figure 6-6B). 
The abundance of these key SOM, Acidithiobacillus, Sulfobacillus and Acidiphilum 
decreased by 12%-25%, around 10% and 3%-9%, respectively, due to the calcium 
nitrite admixture (Figure 6-6A). Lower levels of these key SOM were consistent with 
the decreased corrosion rates measured on the coupons with calcium nitrite. Recent 
studies have demonstrated that nitrite is a metabolic inhibitor for various 
microorganisms under both aerobic and anaerobic conditions in wastewater (Jiang et 
al. 2010, Wu et al. 2018). However, it was apparent here that nitrite may have some 
specific toxicity against ASOM, which has not be reported previously. In the low pH 
with nitrite, FNA would readily form. Typical antimicrobial effects of FNA include 
altering the intracellular pH, uncoupling of the proton motive force and inhibiting ATP 
production, and it can react with various residues on proteins, such as thiols, heme 
groups, and aromatic groups that could inactivate enzymes (Gao et al. 2016). 
Additionally, reactive nitrogen intermediates may form from FNA and these would 
cause oxidative stress, which can be very damaging to protein thiols, iron-sulfur 
centres, DNA, and membrane phospholipids (Zaki et al. 2005). In this study, one 
possibility is that FNA has a specific detrimental effect on the respiratory pathways of 
SOM. For further studies, it would be interesting to determine the comparative 
  
 
93 
sensitivity of ASOM to FNA and to determine the inhibitory or biocidal mechanisms of 
FNA on these acidophiles. Overall, these results clearly support the reduced SUR, 
sulfate content and corrosion loss in the presence of the calcium nitrite addition, 
confirming the effectiveness of admixture for corrosion control.  
It was seen that during the first twelve months of exposure, Ralstonia was the 
dominant microorganism in the corrosion layer for all the samples. Previously,  
Ralstonia sp, have been detected at low abundance in the corrosion layer of mortar 
specimens exposed to the corrosive environment in a manhole (Satoh et al. 2009). 
However, the function of these in concrete corrosion has not been determined (Satoh 
et al. 2009). On the genomes of Ralstonia, all the enzymes of the Calvin–Benson–
Bassham cycle and genes associated with the sulfur oxidation (sox) pathway, which 
may function for CO2 fixation and sulfur oxidation respectively, have been detected 
(Escudero et al. 2018). Consequently it is likely that Ralstonia played a main role in 
the sulfide oxidizing activity on the coupons in the first 12 months when the pH was 
not so acidic. However, there is a strong negative correlation of Ralstonia abundance 
with time of exposure (Figure 6-6B). With the development of corrosion and sulfide 
oxidation activity, the relative abundance of Ralstonia decreased from 40% - 60% at 
the 6th month to 30% -50% at the 12th month and below 6% at 18th month. During the 
exposure, due to the corrosion development, the surface pH of all concrete coupons 
dropped quickly to around 3 at the 6th month and around 2 after the 12th month.  
Ralstonia is rarely found in acidic environments with pH lower than 3 (Escudero et al. 
2018). Therefore, the decreased abundance of Ralstonia over time is likely caused by 
the progressively lowering pH (Li et al. 2017). In addition, the pH in corrosion layer 
became favorable for the development of the conventional acidophilic SOM (i.e. 
Acidithiobacillus, Mycobacterium, Sulfobacillus, and Thiobacillus) after 6-9 months of 
exposure (Figure 6-3A, B). However, these acidophilic SOM became dominant in 
corrosion layers after 18 months when the abundance of Ralstonia became negligible 
(Figure 6-6A). This might be caused by the competition between these SOM and 
Ralstonia. 
Similar to Ralstonia, negative correlations between the exposure time and the 
abundance of Caulobacter, Seduminibacterium, Thermoplasma, and Fungi were 
observed (Figure 6-6B). In contrast, positive correlations were observed between the 
exposure time and Acidithiobacillus, Ferroplasma, Microbacterium, Mycobacterium, 
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Sulfobacillus, Acidiphilum, and Thiobacillus (Figure 6-6B). This succession of 
microorganisms is similar to previous studies where the acidophiles gradually became 
dominant in the corrosion layers (Okabe et al. 2007). With the increase of exposure 
time, the pH of coupons decreased from around neutral to acidic, and the 
concentration of ions increased. These conditions would be more selective for 
microorganisms that survive especially under these extreme acidic conditions (pH<3) 
(Li et al. 2017).  
In a recent study of biofilms from corroded concrete sewer pipes, Thermoplasma, 
Caulobacter and Bradyrhizobium have been identified as dominant members (Gomez-
Alvarez et al. 2012, Li et al. 2019b, Pagaling et al. 2014). Thermoplasma is a 
facultative anaerobic and heterophilic sulfate-reducing euryarchaeote (Dopson and 
Johnson 2012). As the corrosion layer is a sulfate-rich environment and the oxygen 
penetration depth is limited inside the corrosion layer, Thermoplasma might be able to 
utilize the sulfate in the deep corrosion layer to produce sulfide (Okabe et al. 2007). 
Caulobacter is an aerobic microbe detected in a dilute aquatic environment with no 
sulfide oxidizing capability (Ely 1991). Similarly, Sediminibacterium is commonly 
detected in the wastewater environment and not related to sulfide oxidation and 
corrosion process (Almasaudi 2018, Zhang et al. 2018). In this study, it is likely that 
Caulobacter, Thermoplasma and Sediminibacterium were not contributing to the 
corrosion process, and their abundance gradually decreased during the exposure, 
especially at later stages with the more acidic surface conditions (Figure 6-6A). 
Considering the aerobic condition for the concrete coupons and the capability of these 
microorganisms, it is likely that the sequences of Caulobacter, Thermoplasma and 
Sediminibacterium detected were occurring through inoculations by wastewater and 
the development of their presence was limited due to the acidic/aerobic conditions of 
corrosion layers.  The genus Bradyrhizobium contains several species with thiosulfate-
oxidizing sox gene that can chemolithoautotrophically grow on thiosulfate (Masuda et 
al. 2010). It is possible that Bradyrhizobium was contributing to the corrosion 
development at early stages as its abundance gradually decreased to negligible 
levels. This is likely caused by the corrosion layer conditions that became more 
extreme over time (Figure 6-6A).   
In terms of the location, positive correlations were observed for all the ecological 
parameters, implying that the richness, diversity and evenness of the species 
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increased on the center (CC and NC) coupons in comparison to the side (CS and NS) 
coupons (Figure A12 in the appendix). Furthermore, higher abundances (positive 
correlation) were observed for Thermoplasma, Mycobacterium and Thiobacillus on the 
center coupons (Figure 6-6A). Previously, about 15% increase in the abundance of 
Mycobacterium has been observed on concrete coupons with wastewater sprayed 
weekly (Jiang et al. 2016b). The increased abundance of Mycobacterium (6%-14%) 
in coupons exposed in the center of the manhole, is consistent with previous reports, 
suggesting a potential promoting effect on the center coupons due to the wastewater 
splash. The increased abundance of Thermoplasma and Thiobacillus needs further 
investigations. Lower abundances (negative correlation) was observed of 
Bradyrhizobium, Fungi, Microbacterium, and Acidiphilum on the center coupons. As 
these microorganisms were detected at low abundance at the later stages of exposure 
in the manhole, the impact of the decreased abundance on the corrosion process 
would be negligible.   
6.5 Conclusions 
This study investigated the long-term development of microbial corrosion on concrete 
coupons, with or without calcium nitrite as the admixture to mitigate the corrosion, 
through exposing the coupons in a real sewer manhole over 18 months. Through 
comprehensive chemical and biological analysis, the main conclusions are: 
 Calcium nitrite admixed concrete is promising to mitigate the microbial induced 
concrete corrosion in sewers, with 30% lower corrosion loss over 18 months.  
 The corrosion resistance of nitrite admixed concrete was consistently confirmed 
by elevated surface pH, reduced sulfide uptake rate, and reduced abundance 
of sulfide-oxidizing microorganisms. 
 Microbial community analysis through DNA sequencing suggested the 
corrosion resistance of nitrite admixed concrete was due to the inhibition of key 
corrosion causing microorganisms, including Acidithiobacillus, Sulfobacillus 
and Acidiphilum. 
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Chapter 7   Calcium nitrite blending and surface washing 
for concrete corrosion control in sewer environment 
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7.1 Abstract 
Calcium nitrite admixed concrete is a promising approach to mitigating microbial 
induced sewer corrosion although the link between the mitigation effect and the 
admixture levels is not understood at present. Also, no study has been conducted to 
investigate the effect of high-pressure surface washing on the corrosion of calcium 
nitrite admixed concrete. This study investigated the corrosion development on 
concrete coupons without calcium nitrite and with 1% and 4% (by the weight of 
cement) of calcium nitrite and the re-establishment of corrosion of these coupons after 
high-pressure washing. These three types of concrete coupons were exposed to 
corrosive conditions in a pilot-scale gravity sewer system for sixteen months. The 
corrosion process was monitored by measuring the surface pH, corrosion product 
composition, corrosion loss and the microbial community. It was evident that calcium 
admixture level in the concrete correlates positively with the corrosion mitigation effect 
with 17% and 47% reduction in the corrosion rate for coupons with 1% and 4% calcium 
nitrite respectively. Surface washing further reduced 8% and 29% of corrosion rate for 
coupons with 1% and 4% calcium nitrite, respectively. In comparison, the corrosion 
mitigation effect of surface washing for coupons without calcium nitrite was negligible. 
These reductions in corrosion rates were supported by elevated pH, reduced sulfide 
uptake activity and lower sulfate content on concrete surfaces. Overall, this chapter 
confirmed the positive correlation between the corrosion mitigation effect and calcium 
nitrite admixture levels and demonstrated the promising effect of surface washing on 
corrosion control of nitrite admixed concrete. 
7.2 Introduction 
Various strategies have been applied to control/mitigate corrosion in sewers. In 
particular, chapter 7 found that calcium nitrite admixed concrete (calcium nitrite level 
at 4% by the weight of cement), reduced the corrosion loss by 30% in a real sewer for 
over eighteen months. The reduced corrosion loss was mainly due to the inhibitory 
effect of nitrite on the sulfide oxidizing activity on the concrete surface. Although this 
field study showed promising results of calcium nitrite admixed concrete for corrosion 
mitigation, the exposure conditions in sewers can be different from site to site. The 
H2S concentration, relative humidity (RH) and temperature vary from several ppm to 
hundreds of ppm, 60% to 100% and 20°C to 30 °C, respectively in most of the real 
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sewers (Wells and Melchers 2015). Therefore, more exposure studies in different 
sewers with various exposure conditions are still needed to further evaluate the 
corrosion mitigation effect of calcium nitrite admixed concrete. 
The inhibitory/biocidal effects of nitrite have been known for decades on sulfate-
reducing bacteria (SRB), nitrite-oxidizing bacteria and polyphosphate-accumulating 
organisms in the wastewater field (Jiang et al. 2010, Wu et al. 2018). For most of these 
microorganisms, the inhibitory/biocidal effect is positively related to the nitrite 
concentration (Jiang et al. 2010). To date, only one admixture level of calcium nitrite 
(4% by the weight of cement) has been investigated for the corrosion mitigation using 
calcium nitrite admixed concrete. However, calcium nitrite is an accelerator for 
concrete (Berke and Rosenberg 1989). Results in chapter 5 showed that calcium 
nitrite admixture level at 4% by weight of cement shortened the setting time of the 
concrete by approximately 80%, thereby significantly reducing the handling time of 
concrete. Therefore, understanding the link between calcium nitrite admixture levels 
and the corrosion mitigation effect is essential for the implication of calcium nitrite 
admixed concrete.  
In addition, surface washing has also been widely applied to remove the corrosion 
layers from corroded surfaces to control the corrosion development (Ling 2013, Sun 
et al. 2015). However, previous studies showed surface washing only temporarily 
reduce concrete corrosion due to the quick recovery of sulfide oxidizing activity 
(Nielsen et al. 2008, Sun et al. 2016). In this chapter, we hypothesize that the 
controlling effects may last longer on calcium nitrite admixed concrete. Due to the 
nature of calcium nitrite diffusion in the concrete, the calcium nitrite concentration 
would be higher in the deeper parts of concrete compared with the corrosion front. 
The surface washing removes the loose corrosion layer on the concrete surface and 
exposes the inner layer of concrete with higher calcium nitrite concentration, which 
could inhibit the re-development of SOM. 
This chapter aims to assess the effectiveness of calcium nitrite admixed concrete on 
corrosion mitigation and investigate the surface washing effect on the corrosion re-
development on calcium nitrite admixed concrete. The concrete coupons without 
calcium nitrite, and with calcium nitrite admixture levels at 1% and 4% (by weight of 
the cement), were exposed in a pilot-scale gravity sewer pipe with 600-1300 ppm H2S 
for over sixteen months. During this exposure period, 50% the coupons were retrieved 
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and washed with high-pressure water after 6 months exposure and placed back into 
the pilot sewer pipe for another 10-month exposure. The sulfide uptake activity, pH, 
corrosion loss and sulfur species in corrosion layers were monitored during the 
exposure period. The knowledge obtained provides a comprehensive understanding 
of calcium nitrite admixed concrete regarding the admixture level and the surface 
washing effect on the corrosion mitigation.  
7.3 Materials and methods 
7.3.1 Preparation of concrete coupons  
The concrete mix for the coupons was designed in compliance with the Australian 
standard (AS2972) (2010) as describe in chapter 5. The concrete mix without calcium 
nitrite in chapter 5 was used for control coupons (N0) in this chapter. For the nitrite 
concrete coupons, calcium nitrite (Ca(NO2)2) solution (30 wt. % in H2O, Sigma-Aldrich) 
was added according to the mix design in chapter 5 to achieve a calcium nitrite level 
at 1% and 4% of the cement by weight, for N1 and N4 coupons, respectively. 
Concrete coupons from N0, N1 and N4 batch were cast with dimensions of 100 mm 
(length) ×70 mm (width) ×50 mm (thickness). After casting, coupons from each batch 
were firstly cured in moist air for 24 hours and then in lime-saturated water for 28 days 
separately to avoid cross-contamination. Once retrieved from curing tanks, all the 
coupons were dried in an oven (Thermotec 2000, Contherm) at 60 ºC for 7 days to 
achieve a similar and stable initial water content (Joseph et al. 2012). Two coupons 
from the same batch were then embedded as a pair (duplicates) in a stainless-steel 
frame and then enclosed with one surface exposed for each coupon using epoxy (FGI 
R180 epoxy & H180 hardener) (Figure A5 in the appendix). The stainless-steel frame 
is applied to provide a reference point for measuring the change in the thickness of 
coupons due to corrosion. To accelerate the initiation of corrosion, 4 mL of 10 wt. % 
sulfuric acid was sprayed evenly on the surface of each coupon using a mist sprayer 
to reduce the surface pH from alkaline to neutral. For the initial inoculation, 10 ml of 
domestic wastewater, collected from a nearby wet well in Brisbane, Australia, were 
evenly sprayed on each coupon using a hand pump sprayer on the concrete surfaces. 
The wastewater typically contained dissolved sulfide at concentrations of <3 mg-S/L, 
sulfate at 10-25 mg-S/L, total chemical oxygen demand (COD) and soluble COD at 
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450-600 mg/L and 260-450 mg/L, respectively, with the latter including volatile fatty 
acids (VFAs) at 50-120 mg-COD/L.  
7.3.2 Corrosion tests in the pilot-scale sewer pipe 
The coupons were exposed in a pilot-scale gravity sewer system located in the 
Luggage Point Wastewater Treatment Plant (WWTP, Brisbane, Australia). Two 
parallel gravity lines (Pipe A and Pipe B) (225mm ID PVC pipes), were used for the 
concrete coupon exposure study. Each pipe has a slope of 0.6% and a total workable 
length of 300 meters. Both gravity lines received wastewater directly from the inlet of 
the WWTP (Figure 4-1 in chapter 4), which contained dissolved sulfide concentration 
at 27.2±0.5 mg-S/L, sulfate at 15-20 mg-S/L, and chemical oxygen demand (COD) at 
550-620 mg/L. One pair of concrete coupons from each type (i.e. N0, N1, N4), 
enclosed in stainless-steel frames, were installed on a shelf inside each sewer pipe 
(i.e. Pipe A, Pipe B) at about 250 meters away from the inlet tank. Sitting on the shelf, 
the exposed surface of each coupon was facing downwards, approximately 110 mm 
above the sewage level to simulate the sewer pipe crown (Figure 4-1 in chapter 4). A 
H2S sensor (App-Tek OdaLog® Logger L2, detection range of 0-2000 ppm) was 
employed for the continuous monitoring of gaseous H2S and temperature in the pipe 
at the coupons’ location. The pilot sewer system was controlled by a programmable 
logic controller, and the operation state was manipulated using the Lab-View (Lab-
View 2014, Real Time). During the experiment, wastewater was fed continuously at 
100 L/min into each pipe and the gaseous H2S concentrations inside the pipe were 
600-1300 ppm, which have previously been observed in real sewers (Wells and 
Melchers 2015). The relative humidity (RH) was measured weekly using a hand-held 
humidity meter (HM70, Vaisala, Australia).  
7.3.3 Determine the effect of calcium nitrite admixture on corrosion control 
The corrosion development for coupons in Pipe A and Pipe B were monitored by 
measuring surface pH and sulfide uptake rate (SUR) every two months as described 
in section 7.3.5. For sulfur species and corrosion rate analysis, the coupon in Pipe A 
and Pipe B were retrieved after being exposed for 6 months and 16 months, 
respectively, using the methods described in section 7.3.5 (Figure 7-1).  
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Figure 7-1. Schematics of the experimental plan and set up of coupons. Concrete 
coupons were manufactured without calcium nitrite addition (N0), 1% calcium nitrite 
(N1) and 4% calcium nitrite (N4). 
7.3.4 Determine the effect of surface washing on corrosion control 
For the set of coupons retrieved after six-month exposure (Pipe A) (Figure 7-1), after 
all the analysis described in section 7.3.5, the coupons were washed using a high-
pressure washer (Karcher K 5.20 M) with 4-8 L of deionized water for each coupon. 
Then the coupons were put back into the Pipe A within three days of the retrieval and 
the unwashed coupons (Pipe B) were used as a control to determine the surface 
washing effect on corrosion re-development for each type of concrete (i.e. N0, N1. 
N4). Similarly, to monitor the corrosion development, surface pH and SUR of each 
coupon were measured every two months. After 10-month further exposure, the 
washed coupons (Pipe A) and unwashed coupons (Pipe B) were retrieved for sulfur 
species, microbial community and corrosion loss analysis as described in section 
7.3.5.  
7.3.5 Analytical methods 
7.3.5.1 Surface pH and H2S uptake rate (SUR) 
To monitor the corrosion development of all the coupons, surface pH was measured 
using a flat surface pH electrode (RapidRH® portable pH kit, Wagner) (Sun et al. 
2016). For each coupon, the average pH value was calculated from eight independent 
measurements at different locations on the surface.  
Sulfide uptake rate has been used to represent the corrosion activity as it reflects the 
potential maximum corrosion rate (Sun et al. 2014).  Briefly, coupons retrieved from 
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the pilot sewer were stored in a chamber with 100% humidity until placed into the H2S 
uptake reactor where the relative humidity was controlled at 100%.  Due to the safety 
risk to human health at high H2S concentration and detection range of the H2S sensor, 
H2S gas was generated in a bottle and injected into the reactor to achieve a gaseous 
concentration at 120 ppm. The H2S level in the reactor was then monitored 
continuously using a H2S detector (App-Tek OdaLog® Logger L2, detection range of 
0-200 ppm). The average SUR of the coupon at 100 ppm was calculated from 3 to 5 
replicate measurements using the monitored H2S profiles (Sun et al. 2014).  
7.3.5.2 Sulfur species 
For retrieved coupons, the corrosion products on the exposure surface from a known 
surface area (4 independent locations) of each coupon were scraped using a scalpel, 
dispersed into sulfide anti-oxidant buffer solution and then measured using ion 
chromatography (Dionex ICS-2000). For elemental sulfur analysis, corrosion products 
collected from a known surface area (4 independent locations) were treated to convert 
elemental sulfur to thiosulfate, which was then determined using ion chromatography 
(Dionex ICS-2000) (Jiang et al. 2009). 
7.3.5.3 Microbial community in corrosion layers 
For DNA extraction, in order to get sufficient amount of sample, all the corrosion 
products from each type of concrete (i.e. N0. N1 and N4), except used for sulfur 
compounds measurements, were collected with a sterile surgical scalpel into a sterile 
50 mL polypropylene falcon tube and stored at 4 °C for less than 24 h. The cells were 
separated from the corrosion products using a sucrose density gradient and DNA of 
the corrosion products were extracted using the Fast DNATM SPIN Kit for Soil (MP 
Biomedicals, CA, USA), as previously described by (Jiang et al. 2016b). To perform 
16S rRNA gene amplicon sequencing (Illumina), extracted DNA samples were 
provided to the Australia Center for Ecogenomics (ACE, Brisbane, Australia).  The 
extracted 16S rRNA gene was amplified using the universal primer set 926F (5’- 
AAACTYAAAKGAATTGACGG-3’) and 1392R (5’-ACGGGCGGTGTGTRC-3’). The 
resulting PCR amplicons were purified using Agencourt AMPure XP beads (Beckman 
Coulter). Then the purified DNA was indexed using the Illumina Nextera XT 384 
sample Index Kit A-D (Illumina FC-131-1002) in standard PCR conditions with Q5 Hot 
Start High-Fidelity2X Master Mix. The indexed amplicons were pooled together in 
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equimolar concentrations and sequenced on MiSeq Sequencing System (Illumina) at 
ACE according to the manufacturer's protocol. 
Raw sequencing data were quality-filtered and demultiplexed using Trimmomatic, with 
poor-quality sequences trimmed and removed. Subsequently, high-quality sequences 
at 97% similarity were clustered into operational taxonomic units (OTU) using QIIME 
with default parameters, and representative OTU sequences were taxonomically 
BLASTed against the Greengenes 16S rRNA database. Finally, an OTU table 
consisting of the taxonomic classification and OTU representative sequences was 
produced using R (ver 3.31, http://www.R-project.org/) as described previously (Jiang 
et al. 2016b, Li et al. 2019b). α diversity within each sample was computed from the 
normalized data sets using R. 
7.3.5.4 Corrosion loss 
After all the measurements mentioned above, the exposed surfaces of concrete 
coupons were washed with deionized water using a high-pressure washer (Karcher K 
5.20 M). The corrosion loss from the surface of each coupon was calculated based on 
the point mesh generated before and after exposure, using the photogrammetry 
approach (Jiang et al. 2015b, Wells et al. 2009).  
7.4 Results and discussion 
7.4.1 Effect of blending nitrite into concrete on corrosion control 
7.4.1.1 pH and sulfur species 
Before the exposure in the pilot-scale gravity sewer, the pH of all the coupons was 
reduced to around 7 by the acid pretreatment (Figure 7-2A). This neutral pH skips the 
initiation of corrosion and accelerates the development of corrosion inducing 
microorganisms (Islander et al. 1991). After being exposed in the aggressive sewer 
conditions, clear reducing trends in pH were observed for all the coupons, suggesting 
the continuous consumption of alkalinity in concrete due to H2S (Figure 7-2A). 
Generally, the active corrosion stage occurs together with massive corrosion loss once 
the surface pH is reduced to around 3 (Islander et al. 1991). Previously, the pH of 
concrete coupons dropped from around 8 to around 3 within 6 months in real sewers 
in Australia and in laboratory chambers with 50 ppm H2S (Jiang et al. 2014a, Wells 
and Melchers 2015). In this study, N0 coupons reached the active corrosion stage in 
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the 4th month, which is consistent with previous reports. However, N1 and N4 coupons 
achieved the active stage after around 5 and 6 months’ exposure, respectively (Figure 
7-2A). Compared with N0 coupons, the calcium nitrite admixture delayed the 
occurrence of active corrosion stage on concrete surfaces. In our previous study, the 
concrete with 4% calcium nitrite reached the active corrosion stage after around 6 
months of exposure in a real sewer manhole in Australia (chapter 6).  This is consistent 
with the occurrence of the active corrosion stage in N4 coupon in this study, but slightly 
longer than N1 coupons. The active corrosion stage is generally considered an 
indicator for well-established SOM on concrete surfaces (Islander et al. 1991). These 
results suggest that calcium nitrite admixture delays the establishment of SOM on 
concrete surfaces and this effect is positively related to the calcium nitrite admixture 
levels inside the concrete.  
 
Figure 7-2. Surface pH profile of coupons without calcium nitrite addition (N0), 
coupons with 1% calcium nitrite addition (N1) and coupons with 4% calcium nitrite 
addition (N4) during the exposure (A); sulfur species in the corrosion layer of N0, N1 
and N4 coupons after 6 months and 16 months exposure (B); pH differences (pH of 
N1 or N4 – pH of N0) of N1 and N4 coupons in the active corrosion stage (C), and 
reduction ratios of sulfate and elemental sulfur in corrosion layers of N1 and N4 
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coupons in comparison to N0 coupons calculated based on 6th month and 16th month 
results (D). 
From the 8th month to the 16 months, the pH of the coupons became stable at 2-3 for 
all three types of coupons (Figure 7-2A). In sewers, concrete stays in the active 
corrosion stage for most of their service life (Li et al. 2019a). The pH differences 
between calcium nitrite admixed concrete and control coupons in the active corrosion 
stage (pH<3) were calculated as shown in Figure 7-2C. In the active corrosion stage, 
around 0.4±0.2 unit and 0.8±0.3 unit increase in pH was observed for N1 and N4 
coupons, respectively (Figure 7-2C).  In the active corrosion stage, the pH is reduced 
mainly because of the biological sulfuric acid production by sulfide oxidizing 
microorganisms (SOM) (Islander et al. 1991). The increased pH on N1 and N4 
coupons suggests that the calcium nitrite admixture reduced the acid production rate 
on concrete surfaces during the active corrosion stage. In chapter 6, around 0.5-0.7 
unit increase in pH was observed on concrete coupons with 4% calcium nitrite in 
comparisons to control coupons in a real sewer manhole. The pH increase of N4 
coupons in the this chapter was similar to the chapter 6 but the pH increase of N1 
coupons was around 41.3% lower than N4 coupons (Figure 7-2C). It implies that the 
reduction of the acid production rate on the concrete surfaces is positively related to 
the calcium nitrite admixture level in concrete. 
As the concrete has a strong buffering capacity once pH is reduced to lower than 3, 
sulfur content is usually assessed along with pH to monitor the corrosion development. 
In this study, coupons were retrieved after 6 and 16 months for the sulfur species 
analysis. In corrosion layers, sulfate was found to be the dominant species along with 
the elemental sulfur present for all the coupons (Figure 7-2B). For N0 coupons, the 
sulfate content reached around 30 g-S/m2 and 70 g-S/m2 after 6 months and 16 
months exposure, respectively. In previous studies, the sulfate content of pre-corroded 
coupons (with neutral pH before exposure) achieved around 70 g-S/m2 and 100 g-
S/m2 after 12 months and 24 months exposure in laboratory chambers with 50 ppm 
H2S, respectively (Jiang et al. 2014a). In chapter 6, by exposing coupons in a real 
sewer manhole with a peak H2S concentration at 40-60 ppm, the sulfate level reached 
around 30 g-S/m2 and 70 g-S/m2 after 6 months and 18 months, respectively. The 
sulfate levels on N0 coupons here are similar to previous reports, suggesting that the 
corrosion development of control coupons in this study can be a good representative 
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for real sewer coupons. Comparing with N0 coupons, the sulfate content reduced by 
15.1±7.8% and 43.2±10.3% during this 16-month exposure for N1 coupons and N4 
coupons, respectively (Figure 7-2D). In chapter 6, sulfate content on the coupons with 
4% calcium nitrite reduced 25-37% averagely in a sewer manhole. The sulfate 
reduction ratio achieved by N4 coupons in this study is similar to that of chapter 6, but 
it is about 2 times higher than N1 coupons. This observation is consistent with the 
higher pH on N4 coupons than N1 coupons as discussed above. The increased pH 
and reduced sulfate content on N1 and N4 coupons, suggests that the reduced acid 
production ratio on coupons is due to the calcium nitrite admixture and is positively 
related to the calcium nitrite admixture level. 
Elemental sulfur in the corrosion layer reached around 9 g-S/m2 in the 6th month, and 
gradually increased to 20-40 g-S/m2 in the 16th month for all the coupons. The 
elemental sulfur levels detected on the coupons are similar to previous reports, which 
achieved around 30-40 g-S/m2 on concrete surfaces exposed in laboratory chambers 
with 50 ppm H2S after 50-54 months (Joseph et al. 2012, Sun et al. 2016). Around 
20% reductions of elemental sulfur were observed on N1 and N4 coupons in 
comparison to N0 coupons (Figure 7-2D). Considering the surface pH of coupons 
reduced to less than 4 after 6 months, the chemical oxidation of sulfide is negligible 
(Chen and Morris 1972, Li et al. 2019b). The elemental sulfur is most likely formed as 
an intermediate during the biological sulfide oxidation. Thus the reduced elemental 
sulfur content on coupons with calcium nitrite is likely caused by the reduced sulfide 
oxidation activity on the coupons due to calcium nitrite addition.  
7.4.1.2 Sulfide uptake rate  
Sulfide uptake rate is commonly used as an indicator for the sulfide oxidizing activity 
on the concrete surface. During the exposure, the SUR of all the coupons increased 
and gradually became stable at 100-200 mg-S/m2 h after 6 months, suggesting the 
well-developed sulfide oxidizing activity on coupon surfaces (Figure 7-3A). The levels 
of SUR achieved by N0 coupons after 6-month exposure were at the same magnitude 
of previous reports, where 100-200 mg-S/m2 h sulfide uptake activity were achieved 
by coupons in laboratory chambers and real sewers in chapter 6 (Jiang et al. 2016b, 
Sun et al. 2015). Due to the dynamic environmental conditions inside the pilot-scale 
sewer pipe (Figure A13 in the appendix), slight variations of SUR in the active 
corrosion stage (after 6 months) were observed. Throughout the exposure period, 
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around 12.1±4.7% and 34.7±5.3% reduction in sulfide uptake rate was observed on 
N1 and N4 coupons respectively in comparison to N0 coupons. The reduced SUR 
observed on N1 and N4 coupons are consistent with the higher pH, lower sulfate 
content as discussed in the previous sections. Furthermore, in chapter 6, around 30% 
reduction in SUR was achieved by the coupons with 4% calcium nitrite while exposing 
in a real sewer. The reduction ratio of SUR on N4 coupons in this study was 
comparable to that achieved in chapter 6 but about 2 times higher than N1 coupons. 
It suggests that the sulfide oxidizing activity was reduced due to the nitrite admixture 
inside the concrete and the reduction ratio is positively related to the calcium nitrite 
admixture level inside the concrete.  
 
Figure 7-3. Sulfide uptake rate (SUR) of N0, N1 and N4 coupons during 16-month 
exposure.  
7.4.1.3 Corrosion loss 
The sulfide uptake activity on the concrete surface will ultimately lead to the mass loss 
of concrete. The corrosion loss observed in N0 coupons was around 2-3 mm/year, 
which is in the similar range of previous laboratory and field studies (Jiang et al. 2016b, 
Wells and Melchers 2014), suggesting that the N0 coupons can be a good 
representative of real sewers. In comparison to N0 coupons, 16.5±3.4% and 
46.4±8.4% reduction in corrosion loss were observed on N1 and N4 coupons, 
respectively (Figure 7-4). The reduction ratios of corrosion loss for N1 and N4 coupons 
are consistent with the reduced sulfate content and sulfide uptake activity as discussed 
in section 7.4.1.1 and 7.4.1.2. In chapter 6 using concrete with 4% calcium nitrite, 
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around 35% reduction was observed in comparison to control concrete, which is 
similar to that of N4 coupons in this study. The reduced corrosion loss, sulfate content 
and sulfide uptake activity confirm that calcium nitrite admixture in concrete mitigates 
the concrete corrosion and the effectiveness of calcium nitrite is positively related to 
the calcium nitrite admixture levels inside the concrete. This mitigation effect of 
calcium nitrite admixture is likely due to the inhibitory effect of nitrite on the 
establishment and development of SOM, which reduces the sulfide oxidizing activity 
on concrete surfaces. 
 
Figure 7-4. Corrosion loss of coupons without calcium nitrite (N0), coupons with 1% 
calcium nitrite (N1) and coupons with 4% calcium nitrite (N4). 
7.4.2 Effect of surface washing on corrosion control 
7.4.2.1 pH and sulfur species 
To further reduce the corrosion of calcium nitrite admixed concrete, one potential 
approach is to remove the corrosion layer (biofilms) through surface washing. As 
discussed in section 7.4.1.1, after 6 months of exposure in the pilot-scale gravity 
sewer, the surface pH of concrete dropped to 2-3 on N0, N1 and N4 coupons (Figure 
7-5A, B, C), suggesting that all the coupons reached the active corrosion stage before 
surface washing. Although slight variations in pH of these coupons were observed 
before surface washing, the pH of all the coupons increased to around 5 after surface 
washing (Figure 5A, B, C). A similar pH increase was reported in previous reports, 
where the surface pH of concrete coupons with active corrosion increased to around 
5 after the high-pressure washing (Islander et al. 1991, Sun et al. 2016). However, the 
  
 
109 
surface pH of washed coupons was still much lower than that of the intact concrete 
(c.a. 13). Generally, the mass loss of concrete due to the loose structure occurs when 
the surface pH is lower than 4 (Islander et al. 1991). In a previous study, a pH transition 
zone was observed under the corrosion front (pH<4), where the pH increased 
dramatically from around 5 to 11 within 5 mm (Jiang et al. 2014b). The pH range of 
washed coupons observed here is consistent with that of the transition zone and 
previous studies. It implies that high-pressure washing removed the loose structure on 
the concrete surface but it did not reach the intact concrete surface.  
 
Figure 7-5. pH profiles of washed and unwashed coupons during the exposure for N0 
coupons (A), N1 coupons (B) and N4 coupons (C) and production rates of sulfur 
species calculated based on the sulfur content in corrosion layers at 16th month for 
washed coupons and unwashed coupons (D). 
In order to assess the effect of surface washing on each type of concrete, the coupons 
without washing from each type (Pipe B) were used as control. For N0 coupons, the 
surface pH of washed coupons dropped back to the same level as unwashed coupons 
within 4 months after surface washing (Figure 7-5A). Previous reports found that after 
a gentle wastewater flushing for several seconds, the pH on the concrete surface 
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increased about 2 units but decreased rapidly (within few hours) back to the level prior 
to flushing due to the re-development of SOM (Islander et al. 1991, Mansfeld et al. 
1991). A recent study also found that after long-term exposure in laboratory chambers 
for 54 months, the surface pH of high-pressure washed and unwashed coupons were 
identical although the exact month of the recovery was unclear (Sun et al. 2016). 
Consistent with previous reports, the recovery of pH on N0 coupons after surface 
washing confirms the re-establishment of corrosion on the washed surface. In 
comparison to N0 coupons, longer re-establishment periods were observed on N1 and 
N4 coupons, where the pH of washed coupons dropped back to the same level as 
unwashed coupons within 6 months and 10 months after washing, respectively (Figure 
7-5B, C). The longer re-establishment time observed on N1 and N4 coupons is 
consistent with the delayed occurrence of the active corrosion stage on N1 and N4 
coupons as discussed in section 7.4.1.1. It suggests the inhibitory effect of calcium 
nitrite admixture on the development of SOM not only happens on new concrete 
surfaces, but also on washed surfaces. 
Sulfur species were measured together with pH to further evaluate the corrosion 
development on the washed coupons. Considering the different exposure periods for 
control and washed coupons, the production rates of each sulfur species were 
calculated as sulfur content/exposure time (i.e. 10 months and 16 months), for washed 
and unwashed coupons as shown in Figure 7-5D. Comparing with unwashed 
coupons, the surface washing showed negligible effect on the sulfate and elemental 
sulfur production rate for N0 coupons, which is consistent with the quick recovery of 
pH as discussed above. It suggests that the average sulfide-oxidizing activity during 
the exposure period (10 months) was not affected by surface washing. In contrast, the 
production rate of sulfate reduced by 10.0% and 29.3% for the washed N1 and N4 
coupons, respectively (Figure 7-5D). This observation is consistent with the delayed 
pH recovery on N1 and N4 coupons as discussed above, suggesting the sulfide 
oxidization activity was reduced due to the surface washing on N1 and N4 coupons. 
In terms of elemental sulfur, the production rate of elemental sulfur was not affected 
by surface washing for N0 and N1 coupons but a slight increase (around 11%) was 
observed in N4 coupons. In the corrosion process, the elemental sulfur is mainly 
converted from H2S through the abiotic and biological oxidation processes, and is 
readily oxidized to sulfate by the SOM (Wells and Melchers 2014). The increased 
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elemental sulfur might be due to the abiotic process and accumulated on N4 coupons 
due to the slower consumption from the activity of SOM.  
The delayed pH recovery and reduced sulfate production rates on N1 and N4 coupons 
imply that the calcium nitrite admixture inside concrete inhibits the re-establishment of 
SOM on the washed surface of the concrete. And this inhibitory effect is positively 
related to the calcium nitrite admixture level inside the concrete. 
7.4.2.2 Sulfide uptake rate and corrosion loss 
Due to the dynamic condition inside the pilot-scale gravity sewer pipe, the SUR 
recovery ratio of N0, N1 and N4 coupons were calculated as SUR of washed coupons 
against SUR of unwashed coupons (SUR-w/SUR-u) (Figure 7-6A). In this first 6 
months, no significant difference between the to-be-washed and unwashed coupons 
was observed, with the SUR-w/SUR-u at around 1 for N0, N1 and N4 coupons. After 
surface washing, the SUR of washed coupons decreased immediately to about 40-
50% of unwashed coupons for all three types of concrete (i.e. N0, N1, N4), suggesting 
a decreased sulfide oxidizing activity on the washed coupons due to the removed 
corrosion layer regardless of the calcium nitrite admixture. The range of residual SUR 
is consistent with previous reports, and it is likely driven by chemical sulfide oxidation 
on concrete surfaces (Sun et al. 2016).  
 
Figure 7-6. Sulfide uptake rate (SUR) recovery ratio of coupons without calcium nitrite 
(N0) and with 1% (N1) and 4% (N4) calcium nitrite (by the weight of cement). The SUR 
recovery ratio was calculated as the SUR of washed coupons/SUR of unwashed 
coupons for each type of concrete (A); and corrosion rate of washed and unwashed 
N0, N1, and N4 coupons (B). 
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After surface washing, the SUR of N0 coupons recovered to the similar level as 
unwashed coupons (recovery ratio1) within 4 months (Figure 7-6A), which is 
consistent with the recovery of pH as discussed in section 7.4.2.1. This full recovery 
in SUR of coupons due to the re-development of SOM has been observed in previous 
reports. In a pilot-scale sewer pipe with the intermittent supply of gaseous H2S up to 
1000 ppm, the corroded pipe (surface pH 1-2) achieved a full SUR recovery within 30-
40 days after being washed using a brush (Nielsen et al. 2008). Another study found 
that a full recovery was achieved in 59-104 days after high-pressure washing in a 
laboratory chamber with 50 ppm H2S (Sun et al. 2016). The full recovery of N0 
coupons in this study was slightly slower than previous studies, which might be caused 
by the dynamic environmental conditions including H2S, temperature and RH, inside 
the pilot sewer (Figure A13 in the appendix). Comparing with N0 coupons, the full 
recovery of SUR on N1 and N4 coupons were delayed to 6 months and 8 months, 
respectively (Figure 7-6A). The full SUR recovery times of N1 and N4 coupons were 
consistent with the pH recovery time as discussed in section 7.4.2.1. It implies that the 
calcium nitrite admixture in concrete inhibits the re-growth of SOM on the washed 
surface, which extended the time required for the recovery of sulfide oxidizing activity. 
The sulfide oxidizing activity would finally lead to the corrosion loss of concrete. Ten 
months after surface washing, the corrosion rate of washed and control coupons were 
determined for N0, N1, and N4 coupons (Figure 7-6B). In comparison to unwashed 
coupons, the surface washing showed a negligible effect on corrosion loss control for 
N0 coupons. This observation is consistent with the previous report, where the 
corrosion loss was not affected in a 4.5-year exposure after high-pressure washing 
(Sun et al. 2016). It suggests that, for N0 coupons, the surface washing cannot 
mitigate the corrosion in current setup of this chapter, due to the fast re-development 
of SOM. To achieve a better corrosion mitigation effect, more frequent surface 
washings should be applied. In contrast, comparing with unwashed coupons, the 
corrosion rate of washed coupons reduced about 18% and 29% for N1 and N4 
coupons, respectively (Figure 7-6B). The reduction ratios of corrosion rate in N1 and 
N4 coupons were consistent with the reduced sulfate content in the corrosion layer as 
discussed in section 7.4.2.1. This reduction is mainly caused by the delayed re-
establishment of corrosion activity due to the calcium nitrite admixture in the concrete. 
The reduced corrosion rate, longer SUR and pH full recovery period together with 
  
 
113 
reduced sulfate content on N1 and N4 coupons imply that on the washed surface, 
calcium nitrite admixture in concrete inhibits the re-development of SOM and this 
inhibitory effect is positively related to the calcium nitrite admixture level. 
7.4.3 Microbial community 
Microbial community of washed N0, N1 and N4 coupons (N0-W, N1-W, N4-W) and 
unwashed coupons (N0-U, N1-U, N4-U) were analyzed at the 16th month (Figure 7-7). 
For all the coupons, Mycobacterium, Thiobacillus, Microbacterium, Cutibacterium, 
Acidithiobacillus, Candidatus Brocadia, Fungi, Ralstonia, and Acinetobacter were 
detected as the top nine genera in the microbial community (Figure 7-7). 
 
Figure 7-7. A heatmap summarizing the percent relative abundances of bacteria (each 
row representing an OTU) in the corrosion layer samples of washed coupons and 
unwashed coupons of concrete coupons without calcium nitrite (N0-W, N0-U), 
concrete with 1% calcium nitrite (N1-W, N1-U), and concrete with 4% calcium nitrite 
(N4-W, N4-U).  
Acidithiobacillus, Thiobacillus, Microbacterium, Mycobacterium and Fungi were 
commonly detected in corroded concrete, where Acidithiobacillus, Thiobacillus and 
Mycobacterium, are capable of sulfide oxidation and Microbacterium and Fungi are 
able to scavenge organic exudates from microbial development (Jiang et al. 2016b, Li 
et al. 2017, Nica et al. 2000, Rohwerder and Sand 2007). In many previous studies, 
Acidithiobacillus was detected as the most dominant microorganism (abundance 
higher than 60%) (Jiang et al. 2016b, Li et al. 2017, Nica et al. 2000, Rohwerder and 
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Sand 2007). However, in this study, the dominate microorganisms were Thiobacillus 
and Mycobacterium with Acidithiobacillus presented at a lower abundance. This might 
be caused by the higher H2S concentrations observed in the pilot-scale gravity sewer 
system in this study (Figure A13 in the appendix).   
In terms of the microbial community change due to calcium nitrite, it is clear that the 
dominant sulfide oxidizing microorganism shifted from Thiobacillus in N0-U to 
Mycobacterium in N1-U and N4-U coupons. This microorganism shift might be related 
to the nitrite detoxify capability of these species. Some species of Mycobacterium has 
the NO3-/NO2- utilization ability (Vázquez-Torres and Bäumler 2016). Similarly, sulfide-
linked nitrite reduction ability has been observed in some species of Thiobacillus, 
which converts nitrite into NO/N2O (Haaijer et al. 2007). However, further 
investigations regarding the detailed mechanism of the nitrite detoxifying ability and 
the microbial response to nitrite of these microorganisms are essential for a better 
understanding of calcium nitrite admixture on corrosion mitigation. In addition, 
comparing with N1-U coupons, a slight reduction (about 5%) in the abundance of 
Mycobacterium was observed in N4-U coupons, suggesting that this might be the 
reason for the reduced SUR in N4-U coupons (section 7.4.1.2).  
Cutibacterium belongs to the genera of the skin coryneform group, which acts as a 
pathogen after bacterial seeding, causing either superficial or deep/invasive infections 
(Corvec 2018). Acinetobacter is commonly detected in wastewater environments and 
not related to sulfide oxidation and corrosion process (Almasaudi 2018, Zhang et al. 
2018). The sequences of Cutibacterium and Acinetobacter were likely sourced from 
the initial wastewater inoculation. Ralstonia has been detected at low abundance in 
the corrosion layer of mortar specimens exposed to the corrosive environment in a 
manhole although its function in the corrosion process was unclear (Satoh et al. 2009). 
Recent studies regarding the genomes of Ralstonia found the occurrence of all the 
enzymes of the Calvin–Benson–Bassham cycle and genes associated with the sulfur 
oxidation (sox) pathway, which is related to CO2 fixation and sulfur oxidation, 
respectively (Escudero et al. 2018). Ralstonia likely contributed to the corrosion 
process through sulfide oxidation, although its relative abundance was negligible in 
most of the coupons (Figure 7-7). Candidatus Brocadia is capable of anaerobic 
ammonium oxidization (anammox), in which ammonium is directly oxidized to nitrogen 
gas under anoxic conditions with nitrite as the electron acceptor (Oshiki et al. 2011). 
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Interestingly, sequences of Candidatus Brocadia were observed in all the coupons 
and the abundance of Candidatus Brocadia in N1-U and N4-U coupons were about 2 
times higher than N0-U coupons (Figure 7-7). These higher abundances of 
Candidatus Brocadia observed might be related to the calcium nitrite admixture inside 
N1-U and N4-U coupons. 
In terms of the surface washing effect, Thiobacillus remained as the most dominant 
microorganism with the abundance at around 60% for both N0-U and N0-W coupons. 
Slight reductions in the abundance of Mycobacterium, Acidithiobacillus and 
Candidatus Brocadia were observed in N0-W coupons in comparison to N0-U 
coupons. As the presence of these microorganisms were at low abundance (<3%), 
the reduced abundances of them thereby were negligible. These observations were 
consistent with the fast recovery of pH and SUR within 2-4 months in N0-W coupons 
(section 7.4.2.1 and 7.4.2.2). Unlike N0 coupons, it is clear that the microbial 
community changed significantly in N1 and N4 coupons due to the surface washing 
(Figure 7-7). For N1 coupons, the dominant microorganisms shifted from 
Mycobacterium for N1-U coupons to Thiobacillus for N1-W coupons. This might be 
explained by their energy pathways. Although Mycobacterium and Thiobacillus are 
both capable of sulfide oxidation, Thiobacillus is autotrophic but Mycobacterium is 
heterotrophic. The surface washing removed the corrosion layers on the coupon 
surfaces together with the organic carbon source (mainly organic exudates from 
microbial development) inside the corrosion layers, which might have limited the 
growth of Mycobacterium.  
The microbial community change due to the surface washing showed another different 
scenario on N4 coupons. For N4-U coupons, Mycobacterium was the dominate SOM 
with Thiobacillus and Acidithiobacillus presented at low abundance. However, on N4-
W coupons, the abundance of Mycobacterium, Thiobacillus and Acidithiobacillus 
reduced from 69.7%, 7.4% and 8.1% to 0.1%, 0 and 2.5%, respectively (Figure 7-7). 
The microbial community change due to surface washing suggests an incomplete 
development of SOM and corrosion on N4-W coupons. This observation supports the 
higher pH, delayed SUR recovery, lower sulfate content in the corrosion layer, and the 
reduced corrosion rate on N4 coupons due to surface washing as discussed in the 
sections above. These results confirmed that on the washed surface, calcium nitrite 
present in the concrete inhibits the re-growth of sulfide oxidizing microorganisms. 
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7.5 Conclusions 
The effect of calcium nitrite admixture and the surface washing on MICC mitigation 
were investigated by exposing coupons with 1% calcium nitrite, 4% calcium nitrite and 
coupons without calcium nitrite for 16 months in a pilot-scale gravity sewer. This has 
resulted in the following key findings: 
 Calcium nitrite admixed concert is promising to mitigate the microbial 
induced concrete corrosion in sewers and the mitigation effect is positively 
related to the calcium nitrite admixture level. This was characterized by 
around 17% and 47% reduction of corrosion rate on coupons with 1% and 
4% calcium nitrite, respectively. These reduced corrosion rates were 
consistently supported by elevated surface pH, reduced sulfide uptake rate 
and reduced sulfate content on the coupons. 
 Surface washing showed insignificance effect on corrosion mitigation of the 
coupons without calcium nitrite but further reduced the corrosion rate of 
calcium nitrite admixed concrete by 18% and 29% on coupons with 1% and 
4% calcium nitrite, respectively. 
 Microbial community analysis confirms that the corrosion mitigation on the 
calcium nitrite admixed concrete after surface washing was due to the 
inhibition on the re-development of the key corrosion inducing 
microorganisms such as Mycobacterium, Thiobacillus and Acidithiobacillus.
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Chapter 8 General discussions, conclusions and future 
perspectives 
This thesis has investigated the oxidation of H2S on concrete in the initiation stage 
under high H2S concentrations, which filled the knowledge gap of chemically induced 
concrete corrosion in sewers. Furthermore, this thesis proposed and evaluated the 
performance of a novel strategy for MICC control in sewers by incorporating nitrite as 
an admixture into the concrete. The following sections summarize and discuss the 
major findings and suggest future perspectives of this thesis. 
8.1 General discussions and main conclusions of the thesis 
8.1.1 Discussion and conclusions on the chemically induced corrosion under 
high H2S concentrations in sewers 
The corrosion development of new concrete within 20 days at high hydrogen sulfide 
concentrations in sewers was investigated. Different from previous studies, which 
mainly focused on MICC, this was the first-ever report of chemically induced corrosion 
of concrete sewers. This has resulted in the following conclusions: 
 Hydrogen sulfide of around 1000 ppm led to rapid concrete corrosion within one 
month, this was characterized by a surface pH around 3 and a corrosion rate 
around 3 mm/year. 
 The rapid corrosion of concrete with high levels of H2S in the sewer was mainly 
due to the chemical oxidation of hydrogen sulfide to sulfuric acid. The microbial 
community analysis showed no involvement of sulfide oxidizing microorganism 
in this corrosion process.   
 The rate of chemical sulfide oxidation increased exponentially with hydrogen 
sulfide concentrations and this could induce potentially very high corrosion 
rates. 
In terms of implications, conventional knowledge about sewer corrosion considers the 
corrosion initiation as a slow process which may take several years or decades to 
occur (Joseph et al. 2012). Therefore, the maintenance visit for sewers usually occurs 
annually or after flooding events (Montserrat et al. 2015). In contrast to the 
conventional knowledge, these novel findings in this thesis revealed that chemically 
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induced oxidation of H2S leads to the rapid corrosion of new concrete sewers within a 
few weeks. Thus, for sewers with high H2S concentrations, more frequent inspections 
are essential for proper and timely maintenance/rehabilitation decisions to prevent the 
unexcepted early structural failure.  
8.1.2 Discussion and conclusions on the application of nitrite admixed concrete 
for corrosion control 
This thesis investigated thoroughly a novel method for corrosion control in sewers by 
using nitrite admixed concrete. Prior to the corrosion resistance test, the feasibility of 
applying nitrite admixed concrete in sewer structures was confirmed by mechanical 
property tests to make sure the nitrite admixed concrete meets the sewer structure 
requirement. Furthermore, to minimize the environmental footprint, the impact of nitrite 
admixed concrete on anaerobic sewer biofilm communities was investigated. The 
main findings are: 
 
These findings confirmed the feasibility of applying nitrite admixed concrete in sewers 
and revealed that the calcium nitrite dosage should be within 4% based on current 
concrete mix design. Therefore, the corrosion-resistant performance of nitrite admixed 
concrete were tested in a real sewer manhole using concrete without or with 4% 
1) The addition of calcium nitrite increased the setting time of cement paste, the 
slump, the drying shrinkage, and the AVPV of concrete. The addition reduced 
the water demand of the paste to achieve a normal consistency. The changes 
of paste and concrete properties with calcium nitrite dosages were in linear 
relationships. A nitrite dosage of less than 4% is recommended to minimize 
the negative impacts on concrete mechanical properties. 
2) The compressive strength, plastic density and hardened density of the 
concrete were not affected by calcium nitrite addition and they meet the 
structural requirement of sewer structures. 
3) The microbial community of the anaerobic sewer biofilm on admixed concrete 
surfaces reached comparable states to non-admixed concrete after 6 months. 
No significant adverse impact was observed on the microbial community in 
sewer biofilm developed on nitrite admixed concrete. 
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calcium nitrite (chapter 6) and in a pilot-scale gravity sewer system using concrete 
without calcium nitrite and with 1% and 4% calcium nitrite (chapter 7). 
For the tests in the real sewer manhole using concrete with or without 4% calcium 
nitrite, the main findings are: 
 
For the tests in the pilot-scale sewer system using concrete without or with 1% and 
4% calcium nitrite, the main finding is:  
 
In addition, to further control the corrosion on nitrite admixed concrete, the effect of 
surface washing was investigated in the pilot-scale sewer system using concrete 
coupons with 1% and 4% calcium nitrite. The main findings for the surface washing 
effect are: 
 
1) The corrosion loss of concrete with 4% calcium nitrite was 30% lower than 
the control concrete. The increased corrosion resistance of nitrite admixed 
concrete was consistently confirmed by elevated surface pH, reduced sulfide 
uptake rate, and reduced abundance of sulfide-oxidizing microorganisms. 
2) Microbial community analysis through DNA sequencing suggested the 
increased corrosion resistance of nitrite admixed concrete was due to the 
inhibition of key corrosion causing microorganisms, including 
Acidithiobacillus, Sulfobacillus and Acidiphilum. 
 
Around 17% and 47% reductions of corrosion loss were observed on coupons with 
1% and 4% calcium nitrite, respectively. These reductions of corrosion loss were 
consistently confirmed by elevated surface pH, reduced sulfide uptake rate and 
reduced sulfate content on the coupons. 
1) Surface washing showed insignificance effect on corrosion mitigation of the 
coupons without calcium nitrite but further reduced the corrosion loss of 
calcium nitrite admixed concrete by 18% and 29% on coupons with 1% and 
4% calcium nitrite, respectively. 
2) Microbial community analysis confirmed that the corrosion mitigation on the 
calcium nitrite admixed concrete after surface washing was due to the inhibition 
on the re-development of the key corrosion inducing microorganisms such as 
Mycobacterium, Thiobacillus and Acidithiobacillus. 
 
  
 
120 
 
Based on these findings from concrete manufacture, corrosion resistance 
performance tests and surface washing investigations, the main conclusions are: 
 
 Application of calcium nitrite admixed concrete into sewers is feasible and has 
a negligible environmental footprint. However, extra care should be taken for 
the calcium nitrite dosage to minimize the negative impacts on concrete 
mechanical properties. Based on the concrete mix design in this thesis, a 
proper dosage of calcium nitrite in concrete should be within 4% by the weight 
of cement.  
 Calcium nitrite admixed concrete is promising to mitigate the MICC in sewers 
and the mitigation effect is positively related to the calcium nitrite admixture 
level. This is evident by the about 30-50% reduction and about 20% reduction 
in the corrosion loss of concrete coupons with 4% and 1% calcium nitrite, 
respectively. 
 Surface washing can further mitigate the corrosion on calcium nitrite admixed 
concrete. This is evident by about 18% and 29% reduction in the corrosion loss 
of coupons with 1% and 4% calcium nitrite, respectively. 
 The reduced corrosion loss on nitrite admixed concrete is likely caused by the 
inhibition of key corrosion causing microorganisms. This inhibiting effect is 
characterized by the reduced abundance of key SOM such as Acidithiobacillus, 
Sulfobacillus, Acidiphilum, Mycobacterium and Thiobacillus on nitrite admixed 
concrete surfaces. 
This thesis demonstrated the feasibility and effectiveness of calcium nitrite admixed 
concrete on the mitigation of MICC. In contrast to current strategies for MICC control, 
calcium nitrite admixed concrete requires minimum maintenance as the calcium nitrite 
is continuously released from the concrete itself. The estimated cost of industrial 
calcium nitrite addition (around 50 USD/m3-concrete) is far below the costs associated 
with chemical dosing in sewer or surface coating on corroded concrete to mitigate the 
corrosion in sewers (Ganigue et al. 2011).  
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8.2 Recommendations and opportunities for further research 
From the research findings described in this thesis, future investigations are needed 
for the understanding of chemically induced corrosion and the applications of calcium 
nitrite admixed concrete in sewers. The following research questions were identified: 
1) This thesis observed the quick corrosion due to chemical processes in the 
initiation stage of corrosion, which serves as a precedent stage for the 
development of the advanced microbial corrosion. However, the development 
of corrosion inducing microorganisms under high H2S concentrations (around 
a thousand ppm) has not been investigated. The contributions of the initial 
chemically induced corrosion and the subsequent microbial corrosion to the 
overall service life of concrete sewers require further long-term investigations. 
In addition, due to limited corrosion products collected in chemically induced 
corrosion study, metagenomics analysis was not carried out. Future 
investigations would be beneficial to focus on the potential functional gene 
adaption of microbes under high H2S concentrations through metagenomics. 
2) The high H2S concentrations was observed in this thesis under a pilot-scale 
corrosion tests. Such high concentrations are not common in typical sewers 
and the duration of these high concentrations remains unclear. In fact, the 
duration and range of H2S in sewers involve a variety of process such as the 
release of sulfide from wastewater, the consumption of H2S due to SOMs on 
concrete surface and ventilation intensity. Future studies are required in 
modeling and monitoring real-time H2S concentrations in sewers under various 
environmental parameters such as the temperature, wastewater properties, 
concrete properties, and the relative humidity in sewer air etc. 
3) The effectiveness of calcium nitrite admixed concrete on the mitigation of MICC 
was demonstrated by a 16-month study in a pilot-scale sewer and an 18-month 
study in a real sewer manhole. In comparison to the service life of sewers (up 
to 100 years), these experimental periods are relatively short. Future studies 
could focus on the longer-term effectiveness of calcium nitrite admixed 
concrete and the potential adaption of microorganisms. In addition, the nitrogen 
cycle caused by the nitrite admixture was not investigated in this study. Future 
investigations are encouraged to focus on the nitrite oxidation on concrete 
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surface and potential reduction underneath the corrosion layer when oxygen is 
not sufficient. 
4) The antimicrobial properties of nitrite are well known in food industry, medical 
research and wastewater treatment field for decades (Jiang et al. 2011b, 
Pierson et al. 1983) and various inhibitory and bactericidal mechanisms of 
nitrite on microbes have been proposed (Gao et al. 2019). In contrast, the 
understanding of the inhibitory effect of nitrite on SOM is limited. In this thesis, 
the effect of nitrite was investigated based on the microbial community change. 
The potential change of functional genes and secreted enzymes for the 
microbes growing on the nitrite admixed concrete surface needs further 
investigations.  
5) For the corrosion of OPC concrete, corrosion development is closely related to 
environmental conditions such as relative humidity, H2S concentrations and 
sewer gas temperature (Jiang et al. 2014a). In this thesis, the performance of 
nitrite admixed concrete was investigated in a real sewer and a pilot-scale 
sewer with dynamic environmental conditions, where the environmental factors 
varied from time to time. Therefore, the impact of each environmental factor on 
the corrosion development on nitrite admixed concrete is unclear. Future 
investigations of the corrosion development on nitrite admixed concrete under 
controlled conditions with various environmental factors are essential for the 
application of nitrite admixed concrete in sewers. 
6) The mitigation effect of nitrite admixed concrete on sewer corrosion was found 
to be positively related to the calcium nitrite admixture levels. This thesis 
managed to test the performance of nitrite admixed concrete with two admixture 
levels (1% and 4%) in pilot-scale and real sewers. Due to the space limitation 
in the pilot-scale sewer and real sewer manhole, the sampling frequency, 
sample amount, and admixture levels were limited. Further investigations are 
encouraged to test the corrosion resistance of calcium nitrite admixed concrete 
using a larger amount of samples with frequent sampling and several admixture 
levels in well-controlled laboratory conditions. 
7) To perform efficient sewer maintenance and rehabilitation, as well as for 
optimizing the numerous controlling factors, several models have been 
developed to predict the corrosion development and service life of OPC 
concrete sewers.  For nitrite admixed concrete, there is no model proposed for 
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predicting the corrosion development and service life to date. Furthermore, the 
dynamic distribution of nitrite on concrete from the bulk concrete to the 
corroding surface are essential for the longevity of the mitigation effect on 
corrosion. Further investigations are encouraged to investigate and predict the 
nitrite release process and distribution scenario in corroding concrete. 
8) This thesis provided a brief economic analysis for nitrite admixed concrete. A 
detailed economic analysis comparing nitrite admixed concrete with recent 
advanced material for concrete (i.e. geopolymer concrete, calcium aluminate 
cements) would benefit for future applications in sewers.  
9) This thesis confirmed the feasibility and effectiveness of applying calcium nitrite 
admixed concrete for MICC mitigations in sewers for the first time. While in the 
structures suffered from chloride ingress, calcium nitrite has been widely added 
into concrete to increase the chloride threshold level and also the corrosion-
free life of rebar (Ngala et al. 2002). As discussed in chapter 5,  chloride is 
ubiquitous in sewage and it can be at very high levels in winters due to the de-
icing agents entering into sewers and in some coastal cities (e.g. Hong Kong) 
(Leung et al. 2012, Sulikowski and Kozubal 2016). The chloride ingress in 
concrete produces expansive corrosion products, inducing the cracking of 
concrete and accelerating the rebar corrosion (Bastidas-Arteaga et al. 2008). 
Therefore, the potential benefits in preventing rebar corrosion would be of 
special interest when applying calcium nitrite admixed concrete into sewers. 
10) The thesis investigated the effect of surface washing on the corrosion 
development/re-establishment of concrete with/without calcium nitrite. Due to 
the space limitation, coupons were only washed once after 6 months exposure 
for a further 10 months observation. Future investigations are needed to 
evaluate the development/re-establishment of corrosion under various washing 
cycles (bi-annually, annually, etc.). 
8.3 Perspectives 
Several interesting research questions and applications beyond the framework of 
corrosion control in sewers have been identified that warrants further exploration and 
scrutiny: 
1) The changes in concrete properties were observed in the thesis (chapter 5) 
suggest that the addition of calcium nitrite accelerates the hydration and, 
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subsequently, the setting time of the cement paste. This causes the hydration 
products to form in larger crystals, changing the cement paste microstructure 
(Figure A4 in the appendix). This thesis didn’t manage to quantitatively evaluate 
the changes in hydration products and cement paste microstructures due to the 
calcium nitrite admixture. Upon the advent of a better understanding of calcium 
nitrite admixed concrete, further investigations on quantitative evaluations of 
these changes would be essential. 
2) The corrosion performance tests of calcium nitrite admixed concrete (chapter 
7) confirmed the positive link between calcium nitrite admixture level and the 
corrosion mitigation effects. To achieve a better corrosion mitigation effect, 
higher calcium nitrite admixture levels in concrete would be required. However, 
based on the mix design in this thesis, the maximum dosage of calcium nitrite 
is 4% by the weight of cement. A higher dosage (>4%) can lead to a very short 
and impractical setting time. Therefore, investigation of mix design, curing 
conditions and other additional admixtures in concrete is encouraged to 
increase the dosage limit of calcium nitrite in concrete. 
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Appendix 
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Figure A1.  SEM images of corrosion products on the surface of coupon II (a), III (b) 
and IV (c), after the 20-day exposure in the pilot gravity sewer pipe, BSE image 
indicating the spots chosen for EDS analysis on coupon II (d), III (e) and IV (f) surface 
and percentage of elements by weight, except the coating material, of the chosen 
spots (g). 
 
 
Figure A2. Chemical oxidation of sulfide in aerated water containing fresh concrete 
powder (left graph) and autoclaved corrosion layer scrapings (right graph). 
 
 
Figure A3. Acid neutralization capacity determined for concrete. 
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Figure A4. A SEM photo describing the micro-structure of the cement paste with 
different calcium nitrite dosage (0%, 1%, 2%, 3%, 4% by the mass of cement) after 1 
day, 7 day and 28 day hydration. 
 
 
 
 
Figure A5. A diagram describing the coupon pair from left view (A) and top view (B). 
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Figure A6. A photo of the manhole with active corrosion condition chosen for the study. 
 
 
 
 
 
Figure A7. A photo of the coupons exposed near the side wall of the manhole at 15th 
month. 
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Figure A8. Typical diurnal profiles of gaseous H2S concentration in the middle of the 
manhole and near the side wall (‘Middle’ and ‘Side’, respectively in the figure) and 
diurnal profiles of temperature in the middle of the manhole and near the side wall 
(‘Middle-T’ and ‘Side-T’, respectively in the figure) in July.  
 
 
Figure A9. Rarefaction analysis of the composite pyrosequencing data from corrosion 
products collected from coupons after 6 months exposure.  
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Figure A10. Rarefaction analysis of the composite pyrosequencing data from 
corrosion products collected from coupons after 12 months exposure. 
 
Figure A11. Rarefaction analysis of the composite pyrosequencing data from 
corrosion products collected from coupons after 18 months exposure. 
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Figure A12. A pairwise Pearson’s correlation plot between environmental parameters 
and the ecological indices of the corrosion layer samples. Color and size of the circles 
indicate the strength of the Pearson correlation coefficient (bigger circle= stronger link; 
blue color= positive correlation, and red color= negative correlation) (B). 
 
 
 
 
Figure A13. The profile of gaseous H2S concentration, temperature and relative 
humidity during 16 months exposure. 
4 8 12 16
0
500
1000
1500
Month
H
2
S
 C
o
n
c
e
n
tr
a
ti
o
n
 (
p
p
m
) H2S Temperature
0
10
20
30
80
100
120
T
e
m
p
e
ra
tu
re
  (°C
), R
H
 (%
)
RH
  
 
132 
Table A1. Various kinetic models determined for the relation between SOR and H2S 
concentration. 
 Equation R2 Sum of residual squares 
Exponential 𝑆𝑂𝑅 = 8.41 𝑒0.0021𝐻2𝑆 0.992 272.1 
Power 𝑆𝑂𝑅 = 5.21 × 10−6(𝐻2𝑆)
2.38 0.982 585.3 
Table A2. Results of linear regression analysis for the drying shrinkage property of 
concrete.  
Coefficients 7 14 21 28 56 
p value 0.063 0.069 0.058 0.045 0.030 
a0 0.004 0.005 0.005 0.005 0.05 
b0 0.03 0.04 0.05 0.05 0.06 
R2 0.74 0.72 0.75 0.79 0.84 
 
Table A3.  Ecological indices calculated for each samples using the sequencing results. 
Samples Chao1 Shannon index Pielou's index 
CS6 55 2.31 0.58 
NS6 30 1.90 0.56 
CC6 45 2.05 0.54 
NC6 38 1.47 0.40 
CS12 55 1.80 0.45 
NS12 45 1.55 0.43 
CC12 92 2.49 0.55 
NC12 55 1.49 0.37 
CS18 29 2.29 0.68 
NS18 11 0.86 0.36 
CC18 49 2.73 0.71 
NC18 23 2.48 0.79 
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